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FOREWORD 


This  report  summarizes  a  study  effort  undertaken  by 
the  Special  Projects  Staff  of  Guy  B.  Panero  Inc.  of  New  York 
for  the  Department  of  Defense,  Office  of  Civil  Defense,  to 
investigate  and  evaluate  those  factors  which  Influence  the 
design  of  below-ground  protective  structures.  The  specific 
aim  of  the  overall  project  was  to  identify  those  configura¬ 
tions  which  offer  the  best  compromise  for  use  in  planning 
new  shelter  construction. 

Many  of  the  criteria  used  in  analyzing  or  evaluating 
factors  affecting  shelter  configuration  have  been  generalized. 
This  was  necessary  due  to  the  breadth  and  complexity  of  sub¬ 
ject  matter  and,  partially,  due  to  the  unavailability  of  in¬ 
puts  from  concurrent  research  efforts.  While  only  a  broad 
treatment  can  be  expected  in  such  a  case,  we  do  not  feel  that 
results  evolving  from  such  generalization  will  be  overly  sen¬ 
sitive  to  changes  in  requirements. 
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SUMMARY 


This  report  was  prepared  for  the  purpose  of  identifying  shelter 
shapes  and  sizes  that  appear  to  offer  the  best  compromise  for  stand¬ 
ardizing  new  shelter  design.  The  study  had  the  following  general 
conditions  and  criteria: 

1  -  Below-ground,  single-unit  structures  with  a  minimum 

of  three  feet  of  earth  cover  such  as  might  be  con¬ 
structed  under  parks  or  playgrounds.  This  will  re¬ 
sult  in  radiation  protection  factors  of  1000  or  more. 

2  -  Consideration  of  both  fallout  and  blast  shelters. 

Fallout  shelters  to  be  designed  on  a  "nominal  live- 
load"  *  basis  and  blast  shelters  to  be  designed  at 
35  and  60  p3i  overpressure. 

3  -  An  extended  shelter  occupancy,  time  and  a  closure 

capability  of  up  to  24  hours. 

4  -  Protection  against  the  induction  of  chemical,  bio¬ 

logical  and  radiological  contaminants. 

5  -  Single-unit  capacities  of  100,  500  and  1000  persons  ' 

each  with  a  5-minute  loading  capability. 

Other  items  such  as  inside  and  outside  environmental  conditions, 
soil  conditions,  heat  loads,  habitability  needs  and  access  and  load¬ 
ing  were  selected  in  a  general  way  and/or  according  to  current  OCD 
practice. 

The  basic  structures  considered  for  study  were:  semicircular 
reinforced  concrete  and  corrugated  steel  arches,  reinforced  concrete 
domes  (hemispheres)  and  "conventional"  steel  and  concrete  rectangular 
structures.  Each  shape  was  analyzed  and  evaluated  in  terms  of  struc¬ 
tural  requirements,  utilization  of  space,  heat  transfer  to  soil  and 
cost.  Side  investigations  were  conducted  in  the  categories  of  en¬ 
vironmental  control  systems  and  entrances  to  the  extent  that;  these 
items  influenced  shelter  configuration. 


*  These  structures  are  designed  for  fallout  only  with  a  nominal 
live-load  surcharge  of  300  pounds  per  square  foot,  such  as 
might  be  delivered  to  a  structure  under  a  playground  or  park. 


In  summary,  the  significant  findings  of  this  effort  are: 

1  -  Single-level,  rectangular  fallout  shelters  designed  to 
accomodate  4-high  tiering  of  bunks  will  result  in 
minimum  cost,  regardless  of  capacity.  Calculated 
physical  and  installed  cost  data  for  such  Structures  and 
protected  entrances  only,  are  as  follows: 


Capacity 


size 


100-persons  25 '-4."  x  32'  -0" 
500-persons  63' -4"  x  62' -0" 
1000-persons  88' -8"  x  84 '-0n 


8.1  sq.  ft. 
7.9  sq.  ft, 
7.5  sq.  ft, 


I  9.30 
4.90 
4.70 


Cost/Person  * 

$  75 

39 

35 


2  -  Large  fallout  shelters  (500-1000  persons)  appaar  to  be 

about  half  the  per-capita  eost  of  small  (lOO-person) 
fallout  shelters. 

3  -  Large  rectangular  structures  appear  to  be  optimum 

for  use  as  35  psi  blast  shelters  and  probably  as 
60  psi  blast  shelters.  Out  estimates  show  cost 
differentials  between  optimum  fallout  and  blast  struc¬ 
tures  a3  follows : 

.  Fallout  Shelter  $  35/person* 

l  35  psi  Blast  Shelter  51/person 

60  psi  Blast  Shelter  81/person 

In  addition,  our  calculations  indicate  that  the  blast 
protection  Inherent  in  the  rectangular  fallout  shelters 
is  about  5  psi.  The  protection  inherent  in  steel  and 
concrete  arch  and  concrete  dome  fallout  shelters  is 
about  35psi. 

4  -  High-quality  (CBR  protected)  environmental  control 

systems  may  cost  as  much  as  (or  more  than)  the  basic 
fallout  shelter  structure.  Among  the  three  systems 
studied —  outside-air  cooled,  well-water  cooled  and 
refrigerant  cooled,  well-water  cooled  systems  are 
lowest  in  cost  and  highest  in  performance.  Costwise, 
the  optimum  location  for  environmental  control  equip¬ 
ment  appears  to  be  within  the  shelter  proper  rather 
than  in  or  alongside  the  entrance  unit.  Calculated 


♦These  are  basic  structure  and  entrance  costs  and  do  not 
include  contractors'  profit,  overhead  or  contingencies 
and  are  based  on  nationwide  averages. 


( 


v 


costs  for  environmental  control  equipment  for  1000- 
person  shelters  based  on  2  units  per  shelter (2-500- 
person  packages)  are  approximately  as  follows: 

Outside-air  dooled  $  46/person 

Well-water  cooled  31/person 

Refrigerant  cooled  42/person 

5  -  The  quantity  of  internally  generated  heat  dissipated 

through  the  shelter  walls  over  a  period  of  14  days 
does  not  appear  significant  either  absolutely  or  in 
its  effect  on  the  choice  of  shelter  configuration. 

6  -  The  choice  of  shelter  configuration  may  be  highly 

influenced  by  a  24-hour  closure  requirement  because  of 
the  heat  dissipation  problem.  If  a  shelter  does  not 
have  dn  adequate  protected  well-water  supply  (or  other  heat 
sink)  and  must  rely  on  soil  mass  for  the  rejection  of 
internally  generated  heat  during  closure,  then  the  con¬ 
figuration  must  be  minimum  in  cross-section  and  the  soil 
conditions  must  be  ideal  or  else  survivability  may  become 
marginal.  Under  the  best  conditions,  this  may  result 
in  doubling  the  cost  of  the  (otherwise)  tptimum  fallout 
shelter. 
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SECTION  1 


i 


INTRODUCTION 


1.1  APPROACH 


There  is  general  agreement,  today,  among  civil  defense 
planners  that  providing  protection  over  a  wide  range  of  attack 
situations  may  involve  a  major  shelter  construction  program. 

To  the  extent  that  this  is  true,  it  appears  desirable  to  develop 
design  procedures  which  will  give  some  assurance  of  maximum  per¬ 
formance  per  new  shelter  dollar. 

o 

One  way  this  might  be  accomplished  is  to  have  a  limited 
number  of  shelter  designs  such  that  the  overall  program  would 
realize  all  the  benefits  inherent  in  standardization.  This  is  0 
not  a  new  concept.  At  least  one  study  (l)*  indicates  that  sig¬ 
nificant  savings  are  possible  through  mass  procurement  and  con¬ 
struction  techniques.  The  difficulty  one  may  have  in  using  the 
results  of  such  investigations  is  that  the  basic  yardsticks  for 
%esign  varied.  Some  designs  were  ample,  others  were  austere. 

This  is  not  a  criticism  of  past  shelter  projects,  but  possibly  an 
indication  that^shelter ' standardization  is  not  obviously  available  . 
from  Specialized  solutions.  If  there  is  a  valid  criticism,  it 
probably  comes  from  the  designer  who  wants  consistent  results  but 
complains  that  the  ground  rules  keep  changing. 

© 

In  this  sense,  we  have  a  problem  In . identifying  optimum 
configurations.  We  will  be  examining  different  structural  shapes 
and  sizes  with  different  price  tags  and  performance  characteristics. 
If  we  do  not  have  a  reasonable  basis  for  evaluating  these  differ¬ 
ences  we  may  not  be  able  to  draw  some  useful  conclusions.  We  have 
attempted  to  Include  this  in  our  approach  -  that  Is,  to  consider 
as  many  performance  requirements  as  possible  in  the  study  effort  and 
to  do  It  in  a  reasonable  manner. 

1.2  SCOPE  OF  WORK 

This  study  was  conducted  in  accordance  with  Article  I  - 

© '  . 

*  See  page  196  for  references. 
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Scope  of  Work,  Contract  No.  0CD-0S-62-108  which,  In  part,  reads 
as  follows: 

"The  Contractor,  *  shall  perform  a  study  considering  all  of  the 
factors  affecting  shelter  configurations  such  as  Volume  to  floor 
ratio,  headroom- for  tiering  of  hunks,  ventilation,  heat  transfer 
to  soil  surface,  resistance  to  blast,  economy  of  construction 
and  similar  factors,  and  to  Identify  those  configurations  and 
sizes  that  appear  to  Offer  the  best  compromise  for  the  purposes 
of  standardization  of  sizes  and  shapes  of  nev;  shelter  design, 
particularly  those  that  will  be  constructed  independent  of  con¬ 
ventional  buildings". 

1.3  OBJECTIVES 

This  study  had  several  specific  objectives.  Among  these 

were : 

1  -  To  determine  structural  features  for  various  below- 
.  ground  building  shapes  over  a  range  of  overpressure 

criteria. 

2  -  To  uncover  any  space  utilization  differences  attri- 

.  butable  .to  shape  and  size.  " 

.  .'•'  3,-.  To  investigate  and  assemble  environmental  Control  V 

systems  and  evaluate  the  interaction  between  such  - 

•  .utilities  and  heat  transfer  to  the  surrounding  soil.; 

./•'  ;  4  .--To  rate  the'  various  configurations  .In  terms  of  allow- 

•  able  .  "button- up-"  time.-  '• 

•5  -  To  estimate  costs  and  Cost  differences,  resulting  from 
»  •  performance' . peculiarities-.'  •  /•'.  ’•/ 

1.4  LIMITATIONS  v 

The  .basic  limitation  of  the  overall  .study  in- that  it  is 
not  Comprehensive..  This  effort 'IS  One  of  many  Concurrent  project’s 
devoted  to  specific  areas  of  shelter  research.  The  results  of  ■ 
some  of  .these  projects  will  undoubtedly  Influence  the  analysis  found 
herein.  Beyond  thiB  general  qualification,  we  have  the  following 
limitations:  • 
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1  -  Ihe  study  considers  only  below-ground  structures  such 

as  might  be  constructed  beneath  playgrounds,  parks, 
parking  areas  and  other  similar  real  estate. 

2  -  Multiple  units  or  shelter  complexes  have  not  been 

included. 

3  -  Construction  and  equipment  cost  data  are  general  in 

nature  and  have  been  included  mainly  for  comparison 
purposes.  This  information  is  based  on  national 
averages;  does  not  reflect  mass-purchasing  advantages; 
and  does  not  include  overhead,  profit,  contingencies 
and  administrative  costs. 

4.-  Design  calculations  are  based  on  "nation-wide  average" 
conditions  of  soil,  ground  water,  psy chrome tries  and 
other  environmental  factors. 


( 
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SECTION  2 


PERFORMANCE  CRITERIA 


2,1  PROTECTION  CRITERIA 


Protection  from  the  effects  of  nuclear  and  chemical  and  bio¬ 
logical  weapons  usually  implies  some  form  of  continuous  confine¬ 
ment  for  the  entire  population.  This  is  a  widely  accepted  counter¬ 
measure  which  has  evolved  from  the  basic  nature  of  such  weapons 
and  their  delivery  systems.  Although  protection  criteria  will  vary 
widely  depending  on  the  weapon  system,  most  civil  defense  planners 
have  some  general  agreements  concerning  the  threat.  First,  the 
use  of  such  weapons  will  result  (either  intentionally  or  unintent¬ 
ionally)  in  the  creation  of  environments  hostile  to  man.  Second, 
all  but  the  very  quick  weapons  effects  tend  to  become  indiscrim¬ 
inate,  Third,  these  effects  decay  or  become  controllable  in  time. 

The  object  of  the  countermeasure  system  (confinement)  is  to 
place  the  population  in  a  more  hospitable  environment  and  sustain 
it  until  the  outside  conditions  become  acceptable.  The  place  of 
confinement  should  be  so  designed  that  the  occupants  will  be  able 
to  emerge  without  serious  after-effects,  lhat  is,  the  designer 
must  recognize  that  the  shelterees  may  face  a  hard  recovery  phase 
and  take  this  into  account  in  the  selection  of  protective  criteria. 

The  weapons  effects  which  interest  shelter  planners  most  are 
residual  radiation,  blast  overpressure,  mass-fire  and  air  contam¬ 
ination.  The  -extent  to  which  these  are  included  in  a  design  de¬ 
termines  the  quality  of  a  shelter  system.  Information  is  avail¬ 
able  across  the  entire  spectrum  of  protection  from  minimum  fall¬ 
out  shelters  to  very  high  quality,  deep  underground  complexes. (2 ) 
The  amount  of  protection  provided  will  depend  upon  the  selected 
threat,  cost  and  performance  factors.  In  this  study,  criteria 
have  been  selected  to  account  for  all  of  the  above  effects.  In 
addition,  variations  in  these  have  been  introduced  as  time  and 
scope  allowed, 

2.1.1.  RADIATION  PROTECTION 

Most  nuclear  detonations  will  result  in  radiation  hazards 
due  to  immediate  release  of  radioactive  particles  and  fission  pro¬ 
duct  decay.  The  extent  of  the  hazard  depends  upon  many  factors 
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1  such  as  the  number,  size,  type  and  efficiency  of  the  weapons  de¬ 
tonated,  the  locations  of  the  ground  zeros,  and  the  atmospheric 
conditions . 

The  radiation  hazard  with  which  we  are'  mainly  concerned  1b  re¬ 
sidual  radiation  resulting  from  the  wide  dispersal  of  fission  pro¬ 
ducts  after  surface  detonations.  We  are  less  concerned  with  prompt 
radiation  effects  (especially  for  high-yield  weapons)  since  other 
effects  such  as  blast  and  heat  are  normally  overriding  factors. 

The  amount  of  protection  which  should  be  provided  is  mainly 
a  function  of  the  density  and  activity  of  the  fallout  field,  and 
the  decay  scheme  which  might  be  expected*  and  the  maximum  allowable 
body  burden.  For  the  purposes  of  this  study,  we  have  selected  a 
fallout  field  of  one  kiloton  of  fission  products  per  square  mile 
and  a  decay  scheme  based  uponpaat  studies  by  the  Naval  Radiologic¬ 
al  Defense  Laboratory  (USNRDL-TR-247) .  (3)  The  fallout  history  is 
shown  in  Table  2.1.  The  calculations  are  taken  at  3  feet  above  an 
infinite  fallout  plane. 

Protection  itself  may  be  defined  in  terms  of  shelter  protect¬ 
ion  factors  and  time.  If  we  select  a  confinement  period  of  several 
(  days,  we  may  then  be  faced  with  the  problem  of  attenuating  a  total 

dose  of  some  10^000  roentgens  to  some  reasonable  level.  In  determin 
Ing  this  level,  we  must  make  some  allowance  for  expected  dosage 
after  confinement  since  by  and  large  radiation  effects  are  consid¬ 
ered  cumulative. 

Many  studies  have  placed  the  maximum  permissible  long-term 
dose  at  about  200  roentgens.  If  decontamination  and/or  evacua¬ 
tion  procedures  are  not  considered,  and  if  the  hazard  is  as  serious 
as  shown  on  Table  2.1,  then  even  with  full  attenuation  the  confine¬ 
ment  period  could  be  very  long.  Under  such  conditions,  post- shel¬ 
ter  recovery  becomes  an  integral  part  of  an  overall  defense  system. 
This  does  not  mean  that  we  can  make  shelter*  and  post- shelter  dose 


*  Note:  From  the  civil  defense  point  of  view  this  decay  scheme 
should  Include  reasonable  estimates  of  what  is  possible 
In  terms  of  decontamination  procedures  since  radiation 
levels  encountered  in  the  post- shelter  or  recovery  phase 
have  a  direct  bearing  on  the  selection  of  protective 
criteria. 

( 
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TABLE  2.1 


Gamma  Dose  Rates  and  Integrated  Doses  for  Uniform  Contamination 
Level  of  1  Kiloton  of  Fission  Products  Per  Square  Mile. 

(NRDL-TR-247) 


Time  after 
Detonation 

Dose  Rate 
(R/Hra ) 

Integrated  Dose 

From  1  hour  (Roentgens) 

1  hour 

3630 

0 

2  hours 

1530 

2375 

6  hours 

342 

5082 

12  hours 

153 

6426 

24  hours 

59 

7573  . 

48  hours 

.  2i  .  6  '  •: 

8427- 

3  days  / 

.  i2.4'  . 

••  8816  -  .;  ■ 

1-week 

V  4.9;  y;  vl 

;vV-  .9537"  . 

2  weeks  ' 

2.4  1  '.V;- 

;  1.0106  ;  /  ... 

'  1  month 

•"v .•/: '  :  .97 

■'  '■:;io69o';'  ' 

■  2  months 

• 36  .  V 

11121 ... .. 

.  6. .months  -  v. 

1161 6 ■: ' 

.  *.  •  •  .* 

1  year.  . 

•  V  -.015  ; 

.  '  11784. '  • 

iO;  years  "  ;  ■  '  ■ 

■  ■'•5.2  -..x  .16^.'': " 

.1-1 882 -'.i.  '•  ..  •  .-'••• 

.  100' years  ••••'•  . 

.  ’  9.9- x-10"5 ■ 

12078-;  : 

allotments.  In  fact  such  assignments  may  not  be  useful  at  all. 
Being  aware  of  this  particular  problem  we  recognize  that  within 
bur  scope  of  work,  minimum  exposure  Is  desirable. 

This  investigation  is  concerned  with  bSlbw-ground  struct¬ 
ures.  The  attenuation  or  protection  factor  ratings  of  such  shel¬ 
ters  depends  upon  their  average  depth  of  cover  (somewhat  deter¬ 
mined  by  shape)  and  size.  (5)  Without  additional  cover,  normal 
design  procedures  will  result  in  different  protection  ratings 
among  the  various  configurations.  Ihese  vary  from  less  than  100 
for  a  concrete  rectangular  structure,  to  nearly  1000  for  a  con¬ 
crete  dome.  In  terms  of  acceptable  exposure  and  what  is  possible 
in  radiation  levels,  this  may  mean  the  difference  between  low-ana 
high-quality  protection.  Such  differences  were  not  considered  in 
this  effort  for  two  reasons:  First,  because  underground  shelters 
and  low  quality  protection  are  incongruousj-and  second,  because  we 
wish  to  avoid  cost  comparing  low- and  high-quality  protection. 

.To  avoid  such  differences  it  seemed  reasonable  to  increase 
protection  ratings  for  all  the. configurations  to  the  point  where 
exposure  becomes  negligible.  For  an  accumulated  outside  dose  Of 
10,000  R,.  this  is  in  the  order  of  1000  or  more  which  results  in 
total  doses  of  less  than  10  roentgens.  For  all  combinations  of 
shelter  sizes  and  shapes  chosen,  3  feet  of  earth  cover  will  afford 
such  results. 

2,1.  g;  /  BLAST  PROTECTION  ' 

-•Structures  designed  for  below-ground  installation,  by 
their  nature,  have  some  inherent  blast  protection.  In  fact, 
shelter  designers  have  found  it  almost  impossible- -to  design  a 
"0  pBi"  below- ground  shelter.  Beyond  such  "built-in”  protection 
the  selection  of  an  ovez’pressure  criterion  is  probably  the  most 
/Serious  problem  facing  the  shelter  designer.  Essentially,  this 
•is  an  irrevocable  decision.  After  the  shelter  has  been  con¬ 
structed,  it  probably  cannot  be  upgraded*  at  a  later  date.  To 
the  extent  that  this  is  true, blast  criteria  must  be  selected  in 
accordance  with -the  possible  threats  over  the  system's  life¬ 
time. 


at  leaBt  at  a  reasonable  cost. 
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One  of  the  purposes  of  this  study  is  to  determine  cost 
variations  over  a  range  of  blast  protection;  We  have  chosen  to 
measure  blast  performance  only  in  terms  of  static  overpressure 
(psi  levels ),  realizing  that  sucH  ratings  alone  are  insufficient 
in  determining  protection  values.  A  wealth' of  information  on 
specific  weapons  effects (4),  target  analysis,  attack  gaming  and 
the  like  is  currently  available  and  is  recommended  to  those 
desiring  to  evaluate  blast  protection. 

The  protection  range  agreed  upon  for  this  study  is  covered 
by  three  points j  nominal,  35  psi  and  60  psi.  The  nominal  psi«level 
is  the  inherent  protection  and  for  some  structures  may  be  35  psi 
or  more.  The  other  two  levels  were  given  to  the  study  group  by 
the  project  monitor  as  two  points  of  particular  interest  to  OCD. 

For  any  level,  appurtenant  items  such  as  entries,  exits,  air  in¬ 
takes  and  exhausts  should  be  compatible  with  the  rating  of  the 
structure. 

2.1.3  MASS-FIRE  PROTECTION 

There  appears  to  be  a  trend  among  designers  to  include 
features  which  will  allow  shelter  to  function  without  reliance  on 
outside  air  for  part  of  the  confinement  period.  (1,6)  Generally, 
this  "button-up"  capability  is  thought  of  as  a  countermeasure 
against  mass-fire  storms.  It  may  also  be  thought  of  as  a  counter¬ 
measure  against  mass  contamination,  either  deliberate  or  accidental. 
In  any  case,  independence  from  outside  connections  is  a  high  quality 
feature. 


Various  lengths  of  time  are  used  for  the  closure  period. 
Some  planners  feel  it  should  not  be  less  than  a  day,  others  believe 
that  shorter  periods  are  more  reasonable.  It  is  all  a  matter  of 
cost.  From  the  utility  point  of  view,  the  technology  Is  available 
to  provide  survivable  environments  for  any  time  period.  For  our 
purposes,  we  shall  consider  closure  periods  of  up  to  24  hours  and, 
in  addition,  calculate  closure  capabilities  for  the  several  con¬ 
figurations. 

2.1.4  GBR  CONTAMINANT  PROTECTION 


Protection  from  contamination  of  the  shelter  environment 
by  chemical,  biological  and  radiological  airborne  particles  can 
involve  the  use  of  high  efficiency  filtration  systems.-  (CBR  Filters). 
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((  I  Although  much  work  has  been  done  in  this  field,  (6)  absolute 
requirements  have  not  been  established. 

It  is  difficult  to  determine  filtration  criteria  even  for 
fallout  particles,  There  is  some  indication  that  if  the  air  veloc¬ 
ity  entering  the  shelter  is  low  enough,  very  few  particles  will  be 
inducted.  There  are  other  indications  that  high  performance  shel¬ 
ters  may  be  degraded  by  ingestion  of  even  small  amounts  of  material. 
For  chemical  and  biological  agents  criteria  selection  is  more  dif¬ 
ficult. 

Lacking  specific  information  across  the  entire  spectrum 
of  filtration  requirements,  there  is  a  vast  cost  difference  bet¬ 
ween  shelters  without  filtration  systems  and  those  with  this 
feature.  CBR  filters  are  costly  (7)  and  their  resistance  to 
air  flow  increases  power  requirements.  (8)  It  can  be  shown  that 
shelters  with  CBR  filters  are  difficult  to  manually  ventilate.  (9) 

At  the  outset  of  this  study  it  appeared  that  the  filtra¬ 
tion  requirement  would  have  an  influence  on  mechanical-electrical 
packages  and  therefore  perhaps  on  the  various  configureations. 

As  such,  this  requirement  has  been  included  in  accordance  with 
(  U.  S.  Army  Chemical  Corps  data.  (7*8) 

2.2  OPERATIONAL  CRITERIA 

Beyond  identifying  and  evaluating  underground  structural 
shapes  to  meet  the  selected  protective  criteria,  there are  other 
factors  which  may  influence  the  choice  of  optimum  configurations. 
Among  such  factors  are  size  or  capacity,  time  of  occupancy,  en¬ 
vironmental  conditions,  access  and  space  requirements.  Even 
though  we  are  not  directly  concerned  In  analyzing  such  factors, 
we  must  include  them  as  basic  criteria  in  a  reasonable  way.  This 
is  apparent  for  two  reasons:  First,  for  contemporary  reasons, 
that  is,  to  make  the  overall  study  recognizable  or  comparlble  in 
terms  of  present  planning; and  secondly,  as  insurance  against  neg¬ 
lecting  the  "small"  parameter  which  turns  out  to  have  a  large 
effect. 

Since  this  is  not  an  overall  shelter  study,  the  following 
operational  criteria  are  general  in  nature.  They  are  based  large¬ 
ly  on  average  conditions  and  on  data  derived  from  previous  work 
in  this  field. 

( 
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2.2.1  DESIGN  CAPACITIES 


At  the  outset  of  this  effort,  one  of  the  problems  facing 
the  study  group  was  the  selection  of  shelter  sizes.  It  was  appar¬ 
ent  that  if  this  study  was  to  have  useful  results  a  range  of  cap¬ 
acities  should  be  chosen  to  cover  the  spectrum  of  requirements  of 
an  overall  shelter  program  and  to  show  the  cost  and  performance 
differences  between  large  and  small  shelters.  Although  an  attempt 
was  made  to  do  this,  it  should  be  remembered  that  a  detailed  in¬ 
vestigation  of  optimum  shelter  capacities  is  beyond  the  scope  of 
this  study. 

There  are  many /factors  which  influence  the  choice  of  shel¬ 
ter  capacity.  Among  these  are  population  density  and  mobility, 
alert  or  warning  times,  availability  of  real  estate,  and  construct¬ 
ion  peculiarities.  Given  these  factors,  it  is  possible  (with  rather 
extensive  analysis)  bo  develop  overall  shelter  programs  for  partic¬ 
ular  areas.  Studies  have  been  completed  along  these  lines.  One, 
undertaken  as  a  population  mobility  study  for  the  Washington,  D. C, 
area,  (10)  resulted  in  shelter  sizes  ranging  from  650  to  8900  . 
persons.  Another^  more  specific  study  by  Civil  Defense  people  of 
Livermore,  California,  (ll)  used  shelter . complexes  of  3,000-person 
capacity  made  up  of  shelter  "units'*  of  200- to  400-person  capacity. 
Generally,  the  previous  work  on  community  .shelter  sizing  is  in 
the  range  of  100  to  10,000  persons.  (12) 

For  the  purposes  of  this  study,  the . 100-person  shelter  was  • 
selected  as  the  "small"  shelter  unit.  At  the. upper  end  of .the 
spectrum  we  have  chosen  a  capacity  of  1000  persons.  Although  there 
is  the  possibility  that  larger  unitsa  will  result  in  significantly  . 
lower  per-capita  costs,  it  appeared  that  single  shelter  units,  with 
capacity  ratings  much  beyond  this  figure  (e.g.  by  a  factor  of ’10). 
may  not  be  realistic  for  the  following  reasons  s’  First,  there  is 
a  management  problem.  Various  simulated  and  paper  occupancy  '  ■ 
studies  have  attempted  to  define  optimum  shelter  sizes  in- terms  of  , 
managerial  limitations.  (13,14,15,16)  Although  the  results  vary, 
none  of  these  studies  have  included  or  could  be  extrapolated  .to.  in¬ 
clude  shelter  units  much  in  excess  of '  1000  persons.  In  addition,- 
if  our  capacity  range  is  too  wide,  we  may  inadvertantly  include  ser¬ 
ious  performance. differsnces  which  may  offset  some  apparent  cost 
gains  of  large  over  small  configurations.  Second,  we  have  a  space 
problem  in  terms  of  available  sites  for  the  construction  of  below¬ 
ground  units.  At  a  nominal  area  of  10  square  feet  per  person, the 
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i  )  minimum  size  for  a  10,  GOO-person  single-level  structure  is  about 
320  feet  square,  Indluding  allowance  for  construction,  this 
could  be  as  much  as  400  feet  square  which  is  more  than  a  city* 
block.  Third,  we- may  not  be  able  to  use  general  space  criteria. 
That  is,  a  10,000-person  shelter  probably  cannot  be  designed  as 
an  enlarged  100-person  shelter  because  of  problem  compounding. 

In  summary,  the  selected  unit  capacity  range  is  100  to 
1000  persons.  This  range  is  covered  by  these  points  plus^  an 
intermediate  size  arbitrarily  chosen  at  500  persons. 

2.2.2  OCCUPANCY  TIME 

Actual  shelter  occupancy  time  will  depend  on  the  hostil¬ 
ity  of  the  outside  environment  and  the  shelter's  capability  in 
detecting  changes  in  it.  As  Indicated  previously,  this  period 
Could  be  several  days  long.  It  might  be  much  shorter.  In 
this  study,  we  are  required  to  select  an  occupancy  time  only  as 
a  means  of  rating  heat  dissipation  characteristics  of  the  various 
configurations  to  the  surrounding  soil.  The  period  selected  is 
l4  days*  * ; 

•  f.  .  V  ’  ■  Heat-  transfer  calculations  for  this  period  and  for  "button- 

,  .  Up"  or- closure  periods  are  based,  in  part,  on  the  assumption  that 
;  '  at  time  equals  zero  (shelter  entry  time)  the  shelter  temperature 

is  equal  to  the  surrounding  soil  temperature. 

•  a  2.2.3'.  '-  ENVIRONMENTAL  CONDITIONS  •  ' 

''  The ^major  environmental  factors. for  concern  within  a  shel- 

•  ■  ter  are  psy  chrome  trie  conditions.,  oxygen  content,  carbon  dioxide 

Content,  carbon  monoxide  content  and  radiation  level.  Other 

•  .'items  of  somewhat  lesser  importance  include  odors,  smoke,  dust  and 
••  "ordinary"  chemical  'irritants.  In'  addition,  the  list  of  major 

:  factors  may  be  extended  to  include  chemical,  biological  and  radio¬ 
logical;  warfare  agents. 

f  7—. r-^,.  Physiological  studies  (6,8,17,18,19)  have  indicated  that 

' •*.  Reference , is  made  to  the  city  block  since  large  shelters  are 
associated  with  high  population  densities. 

(  ) 
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concentrations  of  02  and  CO2  in  shelter  environments  should  be 
limited  to  not  less  than  17?  and  not  more  than  3$  by  volume, 
respectively.  These  studies  also  indicate  that  the  02  limit 
is  not  as  critical  as  the  C02  limit  in  terms  of  damaging  path¬ 
ological  changes.  Assuming  0. 90  cubic  foot  per  hour  per  person 
of j oxygen  consumption  and  0.75  cubic  foot  per  hour  per  person 
of  carbon  dioxide  production,  the  time  of  safe  occupancy  for 
unventilated  spaces  may  be  roughly  calculated  as  follows: 


T 

a 

0.04  V/N 

where;  T 

a 

Time  after  entry,  hows 

V 

a 

Shelter  volume,  cubic  feet 

N 

a 

Number  of  shelterees 

The  minimum  outside  air  ventilating  rate  required  to 
malirfcain  3$  C02  &..170  Op  over  long  time  periods  is  approximately 
0.4  cubic  foot  per  minute  per  person.  Most  designers  prefer  to 
use  1  cfm  per  person  which  corresponds  to  a  terminal  concentra¬ 
tion  of  1,4$  CO2.  Civil  Defense  literature  (20)  recommends 
3  cfm  per  person  which  will  maintain  CO2  at  about  0.5$. 

Reference  to  carbon  monoxide  toxicity  levels  are  numer¬ 
ous,  Maximum  allowable  levels  are  usually  taken  at  between  100 
and  150  ppm.  Mild  headaches  will  occur  at  200  ppm  and  survival 
is  improbable  at  1500  ppm.  (6)  In  a  ventilated  shelter  this 
gas  would  not  ordinarily -establish  cause  for  concern.  However, 
in  shelters  with  "button- up"  capabilities  it  seems  advisable 
to  include  monitoring  equipment  not  only  for  CO  but  also  for  C02 
and  02, 

Most  engineers  involved  in  environmental  systems  design 
prefer  to  use  effective  temperature  (e, T. )  as  a  yardstick  for 
measuring  psychrometric  comfort  and  this  has  been  extended  to 
measure-  survivability.  Effective  temperature  (much  akin  to  temp¬ 
erature-humidity  index,  THI),  is  an  empirical  sensory  index  which 
attempts  to  relate  combinations  of  dry-bulb  temperature,  wet-bulb 
temperature  and  air  movement  to  physiological  experience.  For 
example,  air  at  80F  DB,  70F  WB,  moving  at  20  feet  per  minute  pro¬ 
duces  the  same  sensation  of  warmth  as  air  at  90F  DB,  60F  VJB,  mov¬ 
ing  at  100  feet  per  minute.  Test  data  (21)  indicates  the  range 
of  comfort  between  64  E.T,  and  79  E.T,  with  an  optimum  ©f  about 
71  E.T,  Body  heat  balance  calculations  give  a  desirable  upper 
limit  of  about  85E.T.  Above  this,'  deep  body  temperature  would  be 
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(  )  expected  to  rise.  The  Navy  (22)  considers  85  E.T,  as  the  - 

limit  for  moderately  hard  work.  In  hot  spaces- of  ships  under¬ 
way*  an  E.T,  of  91 P  is  considered  tolerable  during  usual  4-hour 
Watfehes. 

The  main  cause  of  increased  psychrometric  conditions 
within  a  shelter  tig  body  heat  output. •  For  persons  tested  in 
Shelter  confinement  this  varied  from  480  BTU/HR  to  520  BTU/HR. 

(9)  According  to  ASHRAE  (21)  this  could  be  as  low  as  400 
BTU/HR  for  persons  seated  at  rest  and  as  high  as  1500  BTU/HR 
for  persons  doing  heavy  work.  For  this  study  we  will  use  a 
conservative  value  of  500  BTU/HR  with  side  investigations  of 
the  effects  of  higher  and  lower  values. 

Body  heat  output  is  the  sum  of  losses  by  radiation, 
convection  and  evaporation.  These  vary  with  mean  radiating  temp¬ 
erature,  air  movement  and  temperature,  the  partial  pressure  of 
water  vapor  in  the  air  and  other  factors.  Taking  all  of  these  ine 
to  account,  it  is  possible  with  rather  extensive  calculations  to 
come  up  with  precise  estimates  as  to  the  amount  of  sensible  (radia¬ 
tive  and  convective)  and  latent  (evaporative)  heat  given  off  by 
a  person  In  a  specified  environment.  A  highly  simplified  proced- 
(  ure  for  apportioning  the  amounts  of  sensible  and  latent  heat  (less 

accurate  but  adequate  for  our  purposes)  for  a  person  producing 
500  BTU/HR  is  this: 

From  the  ASHRAE  Guide,  assume  linear  relationships 
for  latent  heat  and  sensible  heat  as  a  function  of 
dry-bulb  temperature.  Assume  further  that  the 
boundary  conditions  are  Qj/aO  when  t^  «  63.5 
and  Qs*0  when  tdb  *100  then  - 

Qg»13*  7  (tdb-63.5)  BTU/HR 
Qli-13.7  (100- tdb)  BTU/HR 
and  Qs  +  QL  *  500  BTU/HR 

in  which  Qs  and  Ql  are  the  rates  of  sensible  and  latent  heat  res- 
peetivelyj  and  t^  Is  the  dry-bulb  temperature. 

Another  set  of  Criteria  which  greatly  influences  per¬ 
formance  is  the  outside  psychrometric  design  condition.  Normal 
procedure  for  designing  environmental  control  systems  usually  in¬ 
volves  sizing  equipment  based  upon  severest*  outdoor  conditions  to 

*  In  this  case,  severest  summertime  conditions  since  we  are  es- 
(  sentlally  involved  with  a  heat  dissipation  problem. 
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be  expected. 

-  Air  conditioning  engineers  usually  select  design  dry- 
and  wet-bulb  conditions  from  the  ASHRAE  Guide  at  the  1  or  2-1/2 
percentile  level.  This  means  that  based  on  past  records  the 
figures  shown  will  not  be  exceeded  by  more  than  1  or  2-1/2  per¬ 
cent  during  all  the  hours  in  the  summer  months  of  June  through 
September.  For  this  study  we  have  followed  present  OCD  and  GSA* 
practice  and  selected  values  at  the  5#  level.  Further,  since 
this  is  a  general  study,  we  have  used  average  temperatures  of  90F 
DB  and  75?  ¥B  at  this  level  based  on  weighted  values  for  the 
Continental  United  States.  Ihe  ''averaging"  procedure  is  shown 
in  Table  2.2.  A  more  detailed  picture  of  the  variations  in  dry- 
and  wet-bulb  temperatures  at  the  5  per-centile  level  across  the 
nation  can  be  ascertained  from  the  contour  maps  shown  on  Figures 
2.1  and  2.2. 

There  are  certain  other  conditions  which  we  have  chosen 
for  this  study.  Among  these  are  minimum  and  maximum  ventilating 
rates,  a  minimum  rate  for  recirculated  air,  a  CBR  filtering  re¬ 
quirement,  and  ground  and  ground  water  temperatures  for  heat  trans¬ 
fer  calculations.  These  were  selected  because  they  either  re¬ 
present  present  OCD  practice  of  they  appeared  likely  to  have  an 
effect  on  shelter  configuration.  Other  criteria  will  be  established, 
as  required, in  the  individual  sections  of  this  report.  A  summary  . 
of  criteria  is  given  in  Table  2.3. 

2.2.4  ACCESS,  LOADING  AND  EGRESS  . 

Among  the  primary  factors  used  in  determining  overall 
shelter  performance  is  entry  capability.  Generally,  planners 
measure  this  in  terms  ©f  the  time  required  to  load  the  shelter 
t©  rated  capacity  after  a  warning  signal  is  given.  Performance 
calculations  will  vary  from  shelter  to  shelter  according  to  local 
conditions  such  as  transportation,  population  distribution,  time 
of  day,  travel  rates,  warning  effectiveness  and  the  like.  For 
the  purposes  of  this  study,  it  seemed  desirable  to  select  a  reason¬ 
able  entry  criterion  and  hold  it  constant  for  the  various  config¬ 
urations.  As  such,  we  have  taken  the  entry  time  at  5  minutes 
which  translated  into  loading  rates  is  20  persons/minute  for  the 

(text  continued  on  page  17) 

*  General  Services  Administration  ' 
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TABLE  2.2 


Summer  Design  Conditions  -  5^  Level* 


Design 

Weighted 

DB 

WB 

Op 

Pop.+ 

% 

DB 

°F 

WB 

Chicago 

90 

75 

20.2 

18.2 

15.3 

New  York 

88 

75  . 

19.1 

16.8 

14.4 

Boston 

84 

73 

5.9 

5.0 

4.4 

Atlanta 

•91 

:  76 

.  .14.5 

13.2 

11.1 

Birmingham 

91-  . 

.  77- 

6.7 

6.1 

5.2 

Austin 

.  95  • 

77 

9.7 

•  9.2 

7.6 

Omaha  ' 

94 

76 

8.6 

8.1  ■ 

6.5 

Denver  •  . 

'  91 

63 

3.8 

3.5 

2.4 

Los  Angeles 

86 

7.0 

.  11.5 

9-9 

8.1 

Total s  - 

90.0 

75.0 

*ASHRAE  Guide, 

1961 

•  pages 

451  458. 

+0f  .the  surrounding  area  -  from  the 
World  Almanac,  19ol.  '  !. 


TABLE  2.3 


Summary  of  Environmental  Design  lata 

Minimum  ventilating  rate  -  3  cfm/person 

Maximum  ventilating  rate  -  30  cfm/person 

Maximum  effective  temperature  (l4  day)  -  85F 

Maximum  effective  temperature  (24  hour)  -  90F 

Outside  design  conditions  -  90F  DBj  75F  WB 

(50  RHj  83F  E.T.  ) 

Lighting  load  —  Neglected 

Cooking  load  -  None 

Metabolic  rate  -  500  BTU/HR/person 

Minimum  conditioned  air  -  15  cfm/person  of  which 

at  least  3  cfm/person  is 
outside  air. 

Filtering  -  CBR  (U.S.  Chem.  Corps  data) 

Water  and  soil  temperature  -  55F 
Maximum  CO^  concentration  -  3$  by  volume 
Minimum  02  concentration  -17$  by  volume 


100-man  unit,  100  persons/m-inute  for  the  500-man  unit  and  200 
persons/minute  for  the  1000-man  unlt0  The  required  width  of 
acoess-way(s)  to  fulfill  this  requirements  will  be  determined 
from  data  found  in  the  Building  Exits  Code  of  the  National 
Fire  Code,  (23) 

Since  we  are  concerned  with  below- ground,  high-qual¬ 
ity  shelters  it  is  also  important  that  entry  criteria  be  chosen 
such  that  the  exi stance  of  the  entry  does  not  result  in  reduc¬ 
tions  in  overall  protective  values.  Because  of  this  and  because 
we  may  want  to  use  entries  for  other  purposes*,  ohly  enclosed 
units  will  be  considered.  To  counter  the  possibility  of  radia¬ 
tion  streaming,  the  entry  tunnel  will  have  one  QO  degree  turn 
into  the  shelter  with  the  main  passageway  placed  at  least  3  feet 
from  the  shelter  wall.  Doors  will  be  placed  at  the  passageway 
entrance  and  at  the  shelter  entrance  with  the  first  door  designed 
for  blast  attenuation  if  required. 

The  shelter  egress  problem  is  somewhat  different  mainly 
because  there  does  not  seem  to  be  a  time  factor  involved.  The 
primary  requisite  for  egress  is  that  an  exit  be  available.  Con¬ 
cern  for  this  is  reflected  in  current  designs  (1,24)  which  pro¬ 
vide  a  so-called  "emergency  exit"  for  a  shelter  with  one  entrance. 
The  thinking  here  is  that  minimum  requirements  should  be  at  least 
two  widely  separated  means  of  egress  with  the  entry  serving  as 
one.  Although  the  performance  differences  between  numbers,  types 
and  locations- of  exits  have  not  been  established  for  the  various 
shelter  sizes,  this  minimum  requirement  will  be  used  herein.  In 
addition,  we  will  assume  that  all  entrances  may  also  serve  as  exits. 

i 

In  summary,  the  access,  loading  and  egress  criteria  are 
as  follows: 

1  -  Total  access  shall  be  based  on  loading  rate  of 

0.2  persons/minutes/person  sheltered. 

2  -  Entry  passageways  shall  be  totally  enclosed  and 

provided  with  inner  and  outer  doors. 


*  As  air  intake  plenum  chambers  or  particle  settling  chambers  or 
for  housing  mechanical-electrical  equipment. 


3  -  Each  passageway  shall  be  at  least  3  feet  from  any 

shelter  wall  and  shall  contain  one  90-degree  bend 
before  reaching  the  shelter  entrance, 

4  -  Shelter  units  with  one  entrance  shall  be  provided 

with  a  minimum  exit  furthest  from  the  point  of 
entry.  In  shelters  having  two' or  more  entries, 
at  least  two  shall  be  widely  spaced. 

5  -  Entry  design  shall  be  based  on  current  National 

Fire  Code  data,  (23) 

Other  requirements  are  developed  later  in  the  section 
dealing  specifically  with  entries  and  exits. 

2.2.5  SHELTER  SUPPORT  ITEMS 


In  this  study  we  will  be  concerned  with  facilities  nec¬ 
essary  to  support  the  shelter  population* for  the  required  period 
since  these  determine  space  requirements.  Such  facilities  may  in¬ 
clude  sleeping,  seating  and  eating  accommodations,  food,  water, 
medical  and  detection  equipment,  sanitation,  environmental  control 
items  and  administration.  The  extent  to  which  these  are  provided 
depends  upon  human  factors  and  largely  upon  the  degree  of  austerity 
desired.  It  also  depends  indirectly  on  shelter  sizing.  For  example, 
in  large  shelters  it  may  be  necessary  to  provide  full-fledged  medical 
services  where  as  this  may  not  be  required  in  small  units.  General¬ 
ly,  large  shelters  have  a  more  difficult  management  problem  and  this 
might  result  In  additional  space  allowances. 

For  this  investigation  we  have  included  space  allowances 
for  facilities  based  upon  current  civil  defense  planning  (25)  and 
partially  upon  the  planning  data  used  In  previous  studies  (see  Table 
2,4).  Generally  these  allowances  are  austere.  Specific  space  crit¬ 
eria  are  as  follows: 

Toilets  -  3  Ft.  x  5  Ft.  per  unit  and  1  unit  for  20  persons.  This 
allows  sufficient  space  for  any  toilet  type  plus  pos¬ 
sible  lavatory  facilities.  The  rate  at  which  these  are 
furnished  Is  a  conservative  estimate  based  upon  reason¬ 
able  use  factors.  (16) 

Food  and  Medical  Storage  -  1  cubic  foot  per  person.  This  is  based 
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on  the  current  stocking  program  food  and  medical  package 
except  that  we  have  allowed  food  storage  at  the  rate  of 
2,000  calories  per  person  per  day. 

Administration  -  0.5  square  feet  per  person.  This  is  assumed  to 
include  control  space  and  any  food  preparation  area 
needs. 

Space  requirements  for  mechanical- electrical  equipment, 
bunking,  seating  and  access  aisles  are  developed  in  other  sections 
of  this  report.  Areas  for  these  items  cannot  be  arbitrarily  chosen 
since  they  will  vary  from  configuration  to  configuration. 

This  study  does  not  include  space  allowances  for  water, 
sanitation  or  fuel  storage  since  it  is  not  obvious  that  these  will 
be  required  within  the  shelter  or  that  their  inclusion  will  material¬ 
ly  affect  the  selection  of  optimum  configurations. 


(text  continued  on  page  23.) 
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SECTION  3 


STRUCTURAL  ANALYSIS 


3*1  SCOPS 

This  section  is  a  summary  review  of  the  structural  pro¬ 
cedures  and  techniques  used  in  this  study  and  the  results  derived 
therefrom* 


3,2  SELECTION  OF  PARAMETERS 

There  are  many  structural  factors  which  affect  shelter 
configuration  and  cost.  Such  factors  include  design  over-pressure, 
location  with  respect  to  ground  elevation,  soil  conditions,  struct¬ 
ural  system,  construction  materials  and  size.  These  are  really 
variables  whose  interaction  complicates  the  overall  problem. 

In  this  study,  we  have  attempted  to  avoid  overly  com¬ 
plicating  the  structural  analysis  by  placing  limitations  on  the 
range  and  number  of  parameters.  With  some  recapitulation  of  per¬ 
formance  criteria • (Section  2) ,  structural  design  data  is  as  fol¬ 
lows: 

'  i  “  Overpressure  -  For  this  study,  we  have  selected,  the 
minimum  resistance  level  for  a  blast  shelter  at  35 
psi.  Two "other  pressure  levels  are  also  studied, 
for  their  cost' influence.  These  are  60  psi' and 
'"nominal  live-load11.'  The  latter  is  associated  With, 
structures,  designed  for 'fallout  only  with  a  nominal 
live-load  surcharge  of  300  pounds  per  square  foot 
such  as  might  be  delivered  to  a  structure  under  a 
playground  or  park. 

...  •  2  -  Capacity  -  Three  sizes  are  considered  -  100,  500  and 
1000  -  person  units. 

3  -  Structural  Types  -  Three  basic  shapes  are  considered 

semi-circular  arches,  hemispheres  (domes)  and  rectan- 
.  gu'lar  "boxes", 

4  -  Soil  Conditions  -  We  have  assumed  a  medium  compact 
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soil  free  from  rocks.  Complications  due  to  ground 
water  are  not  included.  Ground  surface  is  assumed 
level  before  and  after  installation.  Minimum  cover 
is  3  feet. 

3.3  DESIGN  METHOD 

Generally,  the  structural  analyses  are  based  on  proced¬ 
ures  given  in  the  unclassified  portions  of  Reference  26  and  Reference 
27.  These  are  simplified  procedures  Intended  for  preliminary  design 
of  structures  and  structural  elements  subject  to  dynamic  loading. 

The  accuracy  of  results  is  estimated  by  the  authors  to  be  within  20 
to  25$j  a  justifiable  range  since  some  of  the  basic  loading  criteria 
cannot  be  more  accurately  defined. 

These  design  methods  establish  relationships  between  the 
peak  dynamic  force  applied  to  a  structure  or  structural  elements, 
the  static  resistance  of  the  element,  the  effective  duration  of  the 
force,  the  period  of  vibration  of  the  element  and  the  ratio  of 
total  element  deflection  to  its  deflection  in  the  elastic  range. 

These  parameters  have  been  reduced  to  chart  form  for  various  shapes 
with  the  ductility  factor  (ji)  as  the  degree  of  freedom.  This  para¬ 
meter,  defined  as  the  ratio  of  the  permissible  maximum  deflection 
to  the  "effective  yield  point"  deflection,  was  taken  from  the  above 
references  at  1.3  for  the  design  of  concrete  elements  in  pure  shear 
and  cracking,  and  3.0  for  flexure  and  diagonal  tension.  Structural 
steel  members  were  designed  for  p  =  3.0. 

Material  stresses  used  herein  are  as  follows: 

Structural  Carbon  Steel  (ASTM  A7) 

f^y  s  dynamic  yield  point  in  tension  or  compression  « 

42,000  psi 

V(jy  *  dynamic  yield  point  in  shear  -  25,000  psi 

Reinforcing  Steel  (Intermediate  Grade) 

f <jy  s  52,000  psi 

Concrete 


f>dc  s  dynamic  compressive  strength  a  1,25  f»cj  where  f'c 
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■  standard  28-day  compressive  strength.  (3000  psi) 

Vdy  (pure  shear)  =  0.15  f'c 

Hd  »  0  .15  f»c  ■  Allowable  dynamic  bottd  Stress  on  deformed 
bars  (A  305 ) 

JZS  e  Percentage  of  reinforcing  steel  to  concrete  *  1.5$. 

Soil  Bearing  Capacity 

Sp  =  Allowable  soil-bearing  pressure  -  2  (8000  +  200h) 
psf;  where  h  =  depth,  finished  grade  to  bottom  of 
footing,  less  3  feet. 

3*4  PROCEDURE 

This  part  of  the  report  discusses  the  various  structural 

analyses. 

3.4*1  RECTANGULAR  BOX  STRUCTURE 

The  investigation  of  rectangular  configurations  was  con¬ 
ducted  in  5  separate  parts? 

1  -  A  study  of  column  bay  spacing  versus  roof  cost. 

2  -  A  study  of  the  effect  of  varying  aspect  ratio. 

3  -  A  cost  comparison  between  one  and  two-level  structures. 

4  -  A  comparison  of  structures  accommodating  4  and  5  high 

bunking  (7* -4"  headroom  and  9,-0"  headroom). 

5  -  The  determination  of  optimum  cross- section. 

3. 4.1.1,  Column  Bay  Spading  versus  Roof  Cost 

Several  types  of  roof  systems  are  available  for  consider¬ 
ation,  Among  these  are  the  concrete,  or  concrete  and  steel,  beam 
aiid  girder  system;  and  flat  slab;  and  waffle-pan  Construction.  A 
beam  and  girder  system  consisting  of  a  reinforced  concrete  roof 
slab,  rolled  steel  beams  and  girders  and  steel  columns  with  concrete 


footings  was  used  for  this  investigation.  We  selected  this  system 
as  representative  of  cost- competitive  blast  resistant  roof  const¬ 
ruction  for  reasons  of  relative  simplicity  and  adaptability  to 
rapid  calculation. 

An  evaluation  was  made  by  costing  ranges  of  typical  in¬ 
terior  bay  sizes  vfith  varying  framing  schemes.  Beams  spans  wefce 
considered  from  8*  to  28 1  in  4- foot  increments;  beam  spacing  from 
4*  to  16*  to  2- foot  increments  and  girder  spans  from  8!  to  28'  in 
2-foot  increments.  In  all  cases  the  limiting  spans  were  determined 
by  the  maximum  dynamic  capacity  of  the  largest  available  rolled 
'  steel  section,  36WF300,  Slabs  were  considered  to  be  one-way  or  two- 
way  depending  on  the  framing  arrangement. 

The  resulting  costs  Including  column  and  column  foundation 
costs  are  shown  on  Figures  3.1,  3.2  and  3,3.  Figure  3.1  has  the 
space  between  beams  equivalent  to  the  girder  length,.  Figure  3.2 
has  a  beam  spacing  of  one-half  the  girder  length.  Figure  3.3  has  a 
beam  spacing  of  one- third  the  girder  length.  Each  figure  shows  a 
family  of  curves,  one  for  each  given  girder  length,  with  beam  span 
as  the  abscissa  and  cost  in  dollars  per  square  foot  as  the  ordinate. 

This  data  shows  that  the  cost  per  square  foot  of  roof  . 

system: 

decreases  for  any  given  girder  length  as  the  beam 

span  is  reduced; 

decreases  for  any  given  beam  span  as  the  girder  length- 

is  reduced; 

decreases  slightly  for-  a  given  column  bay  size  as  the 

beam  spacing  approaches  the  girder  length (square  framing). 

For  example  an  8‘  by  8*  roof  system  would  be  expected  to  cost  $4.25 
per  square  foot  in  comparison  to  a  $b,50  per  square  foot  cost  for 
a  lb'  by  lb*  system. 

These  curves  were  extrapolated  to  determine  the  roof  cost 
for  a  bay  size  of  br-4"  x  b,-4u  (dimensions  later  ascertained,  to 
be  modular  for  bunk  spacing).  This  roof,  costing.  $3.60  per  square 
foot,  was  used  in  subsequent  determinations  of  rectangular  cross- 
section  shelter  costs. 
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3. 4. 1.2  Aspect  Ratio 

On  a  tentatively  assumed  area  basis  of  12  square  feet 
per  person,  a  study  was  made  to  determine  the  cost  influence  of 
aspect  ratio  (ratio  of  length  to  width)  for  shelters  of  100-;  300' 
and  1,000-person  capacity.  Relative  costs  of  shelters  were  com¬ 
puted  using  varying  aspect  ratios  with  outside  wall  heights  of 
10' -6"  and  13' -0".  The  results,  shown  on  Figure  3.4,  indicate 
that  cost  varies  directly  with  aspect  ratio  and  i3  lowest  for  a 
square  configuration.  The  cost  variation  is  less  marked  for  the 
larger  capacity  shelters  than  the  smaller  ones. 

3 . 4 . 1 . 3  One-Level  vs.  Two-Level 


Again  on  a  preliminarily  assumed  area  basis  of  12  square 
feet  per  person,  a  9'-0"  clear  inside  height  (5  bunks  high)  and  a 
nearly  square  configuration,  a  study  was  made  to  compare  costs  of 
100- ,  500-  and  1,000-person  capacity  shelters  between  one-level  and 
two-level  structures. 

The  results,  shown  in  Figure  3.5  (which  is  a  plot  of 
shelter  structure  cost  in  dollars  per  square  foot  6f  floor  area 
vs.  shelter  capacity),  show  that  in  each  case  a  one-level  struc¬ 
ture  is  more  economical  than  a  two-level  structure. 

A,  two-level  shelter  structure  is.  estimated  to  cost, 
from  9-13  per  cent  more  than  a  single-level  structure;  the  cost 
differential  .is  higher  for  the  large  shelter  than  for  the  small 
one.  The  reason  for  this  is  that  the  cost  of  burying  the  struc¬ 
ture  an  additional  level  is  greater  than  the  cost  of  spreading,  it 
out  over  a  larger  area.  If  construction  conditions  change  or 
if  real  estate  costs  are  considered,  two-  (or  more)  level  struc¬ 
tures  may  prove  optimum.  •  .  -  . 

3. 4. 1.4  .  Story  Heights 

This  part,  because  of  its  direct  relationship  to  the 
bunking  schemes,  is  described  in  detail  in  Section  4.  It  can  be 
noted  here,  however,  that  it  was  concluded  that  a  story  height 
of  7 '-4"  (corresponding  to  4-high  bunking)  is  more  economical 
than  9’ -0°  (5-high  bunking).- 

3. 4. 1.5  Optimum  Cross-Section  ' 

As  a  result  of  the  foregoing  preliminary  investigations 
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and  concurrent  area  utilization  studies,  the  optimum  cross-section 
dimensions  of  the  rectangular  shelters  for  100,  500  and  1,000  per¬ 
sons,  respectively,  were  determined  to  be  as  shorn  on  Figure  3.6. 

A  tabulation  of  estimated  costs  for  these  structures  is 
given  in  Table  3.1  for  35  psi.  The  same  three  shelters  were  studied 
to  determine  the  effect  on  cost  of  providing  a  60  psi  blast  resis¬ 
tance  capability  and  a  nominal  live-load  capability.  The  60  psi 
structure  was  designed  by  the  same  methods  as  the  35  psi  structure 
and  the  nominal  live-load  condition  by  conventional  design  methods. 
The  nominal  live-load  design  results  in  inherent  blast  protection 
of  about  5  psi.  Final  rectangular  unit  designs  are  shown  and  dis¬ 
cussed  in  Section  7. 

3.4.2  CORRUGATED  STEEL  ARCHES 


These  structures  were  analyzed  as  thin  compression  rings 
utilizing  the  empirically  derived  ultimate  static  seam  loads  shown 
below: 


Steel  gage  Ultimate  Static  Seam  Load  --(Lbs.) 


1 

3 

5 

7 

8 

10 

12 


144,000 
131,000 
113,000 
93,000 
8o, ooo 
62,000 
42,000 


Blast  pressures  and  soil  overburden  dead  load  were  con¬ 
sidered  to  be  statically  applied.  Depth  below  ground  was  estab¬ 
lished  so  that  the  average  earth  cover  was  at  least  one  quarter 
of  the  diameter.  However,  buckling  was  not  considered  since  this 
would  have  resulted  in  heavier  gage  steel  than  was  proved  neces¬ 
sary  in  actual  tests  performed  on  similar  buried  structures.  Test 
data  (28)  compare  favorably  with  the  results  obtained  from  the 
above-described  method.  While  the  procedure  is  deemed  adequate  for 
cost  comparison  purposes  desired  in  this  study,  it  should  be  noted 
here  that  a  more  rigorous  analysis  must  be  applied  in  the  design 
stage.  Such  methods  were  not  warranted  here  because  of  the  uncer¬ 
tainty  of  such  basic  design  criteria  as  backfill  characteristics  and 


TABLE  3.1 


UNIT  COSTS  FOR  A  35psl 
RECTANGULAR  STRUCTURE 


ITEM  UNIT  COST 

Roof  System  Square  Foot  $  3.60 

Walls  "  1.70 

Floor  Slab  "  0.40 

Expansion  Material  "  0.30 

Waterproofing  "  3.20 

Foundation  Concrete  Cubic  Yard  38.00 

Excavation  "  O.97 

Backfill  "  0.80 


( 
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permissible  plastic  deformations.  The  maximum  diameters  deter¬ 
mined  for  each  standard  gage  are  shown  on  Figure  3.7. 

In  order  to  utilize  the  headroom  created  by  the  larger 
arches  (30' -0"  and  over),  it  was  decided  on  the  basis  of  economics 
to  add  interior  levels.  These  floors  were  designed  for  100  PSF* 
live-load  by  conventional  analysis,  and  are  considered  independent 
of  and  not  connected  to  the  arch  sidewalls.  For  cost  comparison 
purposes  a  steel  frame  with  poured  concrete  deck  was  assumed.  The 
average  cost  of  such  a  system  was  estimated  at  $1.88  per  sq.  ft., 
and  was  used  in  all  subsequent  costing  of  multi-level  structures. 

Cellular  steel  panels  were  used  as  endwalls  and  these 
were  designed  in  accordance  with  Reference  (26)  for  a  third  of  the 
side-on  blast  overpressure  plus  dead  load.  Steel  wales  braced  by 
dead  men  are  used  as  intermediate  horizontal  supports  for  the 
l6'-0H  and  23,-0,i  diameters,  while  the  interior  floor  slabs  are 
used  as  supports  for  the  larger  spans.  In  all  cases  an  18"  channel 
section  is  used  as  a  peripheral  support  to  distribute  the  endwall 
compressive  load  to  the  arch. 

Foundations  were  designed  in  accordance  with  the  soil - 
bearing  capacities  given  in  paragraph  3.3.  The  floor  slab  is  des¬ 
igned  independent  of  the  foundations  or  "floating"  so  as  to  avoid 
stress  In  case  of  settlement  under  load. 

Cost  estimates  of  the  components  of  the  35  psi  version 
of  these  shelters  are  given  in  Table  3.2. 

For  the  60  psi  arch,  gages  were  increased  for  all  sizes 
and  stiffening  ribs  added  for  the  44 '-0",  49* -0"  and  57* -0"  diameter 
arches. 

Except  for  a  reduced  steel  gage  In  the  endwalls,  no  change 
was  made  on  the  35  psi  arch  for  the  nominal  live-load  condition. 

The  effect  is  a  structure  which  will  withstand  the  design  loading 
but  with  more  deflection  or  deformation  than  would  probably  be 
accepted  by  local  building  authorities.  However,  since  conformity 
with  building  code  requirements  for  this  loading  condition  would 


*  American  Institute  of  Steel  Construction's  Standard  for  public 
areas. 
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result  In  a  more  costly  structure  than  is  required  for  35  psi> 
the  problem  is  not  considered  here. 

The  cost  comparisons  for  the  three  blast  capabilities 
are  discussed  in  Section  7. 

A  precaution  to  be  observed  in  the  construction  of  large 
steel  arches,  and  a  possible  disadvantage,  is  the  problem  of  back¬ 
filling.  Since  the  arch  itself  is  flexible  and  derives  its  strength 
oflfcaid*»Ably  from  the  surrounding  soil,  special  attention  must  be 
given  to  this  phase  of  construction.  Only  select  materials,  pro¬ 
perly  placed  and  tamped  and  especially  well  specified  and  super¬ 
vised,  ' should  be  used  if  the  arches  are  to  develop  the  necessary 
side  support.  It  may  be  that  in  certain  areas  because  of  soil 
conditions,  lack  of  qualified  contractors,  etc.,  these  requirements 
may  be  difficult  to  fulfill.  In  such  cases  consideration  should 
be  given  to  other  shelter  structures. 

3.4.3  CONCRETE  ARCHES 

Concrete  arches  were  analyzed  In  accordance  with  Reference 
(26).  Seven  diameters,  corresponding  to  those  determined  for  corru¬ 
gated  steel  arches,  were  studied  so  as  to  form  a  basis  for  compari¬ 
son.  Slabs  were  designed  to  be  “floating"  and  the  foundations  des¬ 
igned  for  the  soil-bearing  capacity  given  in  paragraph  3-3.  The 
average  depth  below  ground  was  maintained  so  that  minimum  cover  at 
the  crown  is  3'-0". 

The  selected  reinforced  concrete  arch  cross-sections  with 
wall  and  main  floor  slab  thickness  for  the  range  of  sizes  investig¬ 
ated  are  shown  on  Figure  3.8. 

Interior  floors  were  Utilized  for  arches  of  30' -0“  dia¬ 
meter  and  over,  and  were  costed  at  $1.88  a  square  foot.  These 
floors  also  serve  as  Intermediate  supports  for  the  end  walls. 

End  walls  were  considered  to  be  poured,  reinforced  concrete, 
designed  for  one  third  of  the  side-on  blast  over-pressure  plus  dead 
load.  No  dead  men  were  used.  Ihe  entire  compressive  load  is  trans¬ 
ferred  to  the  arch  Itselfj  or,  to  the  intermediate  floor  slabs. 

Cost  estimates  of  the  components  of  the  35  psi  version 
of  these  shelters  are  given  in  I&ble  3.3. 
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If  these  structures  were  designed  by  using  conventional 
methods  and  building  code  requirements,  the  cost  would  be  larger 
than  was  necessary  for  35  psi.  No  consideration  was  given  to 
this  discrepency.  Results  of  the  35  psi  and  60  psi  structures 
are  presented  in  section  J. 

3.4.4  CONCRETE  DOMES 


Concrete  domes  were  analyzed  by  the  methods  indicated 
in  Reference  (26).  As  a  preliminary  indication  of  capacity,  J 
hemispherical  domes  of  16',  23',  30‘,  35 *  >  44',  49' ,  and  57' 
diameter  were  analyzed  and  costed. 

Slabs  were  designed  to  be  “floating"  and  foundations 
designed  in  accordance  with  soil-bearing  capacities  given  in 
Section  3.3.  The  average  depth  below  grade  was  maintained  at  one- 
eighth  of  the  diameter  with  3f-0"  minimum  cover  at  the  crown. 

Interior  floors  were  utilized  in  the  larger  domes  and 
were  designed  as  previously  stated.  The  cost  estimate  used  for 
these  floors  was  $1.88  per  sq.  ft. 

Figure  3.9  illustrates  the  seven  domes  that  were  analy¬ 
zed.  Two  shell  thicknesses  are  shown,  the  theoretical  or  calcul¬ 
ated  thickness  and  the  actual  which  is  the  minimum  thickness  dic¬ 
tated  by  construction  practice  for  concrete  placement  and  cover¬ 
age  of  reinforcement.'  The  theoretical  thickness  varies  from  0.8 
Inches  to  3.0  Inches  whereas  the  actual  Is  3  inches  for  all  sizes 
analyzed. 

Table  3.4  is  a  tabulation  of  the  estimated  costs  for 
the  35  psi  version  of  the  domes  studied. 

The  same  criteria  regarding  shell  thickness  was  applied 
to  domes  for  the  nominal  live-load  condition  resulting  in  no 
significant  change  in  cost  between  the  nominal  live-load  type 
and  the  35  psi  type.  60  psi  domes  were  also  investigated  and 
costed  and  a  comparison  of  the  costs  of  these  three  series  of 
domes  is  given  in  section  7. 

3.5  COSTS 


The  estimated  cost  of  the  structures  studied  herein  are 
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Total  Cost  1742.50  3727*70  6758.40  9460.40  14745.40  18771.30  28331. 20 


based  generally  upon  Building  Construction  Cost  Data  1962  by 
R.  S.  Means.  These  costs  represent  national  averages  for  U.S. 
metropolitan  area  construction. 

It  should  be  recognized  that  differences  in  locale 
with  consequent  changes  of  material  and  labor  costs  will  affect 
the  cost  estimates  given  here. 

All  structures  costed  have  been  assumed  to  be  in  medium 
compact  soil  without  large,  quantities  of  rock,  and  with  ground 
water  below  foundation  level..  Sites  with  unusual  or  difficult 
foundation  conditions,  or  those  requiring  other  than  spread  foot¬ 
ings  of  the  sizes  estimated,  will  increase  the  construction  cost. 

Table  3.5  is  a  summary  of  unit  costs  used  in  this  study. 
These  costs  reflect  labor  and  material  for  construction  installed 
complete  and  in  place.  They  do  not  include  contractor  profit  and 
overhead,  contingency  allowance,  or  engineering  fees.  These  items, 
which  do  not  affect  the  comparisons  drawn  in  this  report,  will  in¬ 
crease  the  indicated  shelter  costs  by  about  50  to  75$. 

No  attempt  was  made  to  estimate  the  cost  of  utility  con¬ 
nections,  clearing  grading  and  drainage,  or  architectural  treat¬ 
ments  such  as  landscaping  or  painting.  These  items  can  vary  widely 
from  site  to  site  and  will  not  influence  the  cost  comparisons  made 
here. 
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(  TABLE  3.5 

Summary  of  Unit  Costs 

_ Item _ Unit _ Unit  Cost  -  $ 


Concrete  in  place  incl. 
forms  and  reinforcing: 

Walls 

C.  Y. 

55.00 

Foundations 

C.  Y. 

38.00 

Floor  slab 

C.  Y. 

27.00 

Roof  deck 

C.  Y. 

85.00 

Arches* 

C. .  Y» 

l4o.oo 

Domes* 

C.  Y. 

200.00 

Structural  Steel 

TON 

258.00 

Excavation 

C.  Y. 

o.97 

Backfill 

C.  Y. 

0.80 

Damp  roofing  and 
protection 

S.  Y. 

3.20 

Expansion  joint  filler 

L.  F. 

0.30 

Floor  Hardener 

S.  F. 

0.07 

Galvanized  Steel  Crating 

• 

CO 

4.20 

Dead  man  -  Screw  type 

ea. 

50.00 

Corrugated  Steel  Arches** 
Span  x  rise  -  Gage 

16«  x  8*  12 

Lin.  Ft.  of  arch 

It  II  ft  It 

42.84 
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TABLE  3.5  (cont'd.) 


Summary  of  Unit  Costs 


Item 

Unit 

Unit  Cost 

Span  x  rise 
23* **  x  11.5' 

Gage 

10 

Lin.  Ft.  of 

Arch 

66.54 

30'  x  15' 

8 

If 

it  tt 

If 

94.01 

35'  x  17.5' 

7 

¥ 

it  ii 

II 

115.41 

44'  x  22' 

5 

if 

ii  n 

tt 

161.57 

49'  x  24.5' 

3 

ti 

it  ii 

If 

193.81 

57'  x  28.5' 

1 

ti 

ii  ii 

If 

237.46 

Entrance  Package 

Hand-rail 

L.F. 

2.50 

7'-o"  Steel 
link  fence 

chain 

L.F. 

4.90 

Gate 

Single 

each 

65.OO 

Double 

each 

90.00 

35  psi  Blast 

Door*** 

Single 

each 

450.00 

Double 

each 

575.00 

*  see  appendix  A-l 

**  Price  information:  Metal  Products  Division 

Armco  Steel  Corporation 

***  Lump  sum 

Estimated  Cost 
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COMPARATIVE  COST 


4  -  HIGH  BUNKING 
5-  HIGH  BUNKING 


ASPECT  RATIO 

ASPECT  RATIO  v*.  COST  -  RECTANGULAR  STRUCTURES 

(35psi) 


FIG. 3.4 
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COST  COMPARISON-TWO  LEVEL  RECTANGULAR 
SHELTER  AND  ONE  LEVEL  RECTANGULAR  SHELTER 

FIG.  3.5 
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_ — V 

WIDTH  "w" 

"n” 

length  "l" 

25-4" 

4 

32-0" 

63- 4" 

r  10 

62- 0" 

88"?1 

14 

84-0" 

35  PS1  BUR, ED  RECTANGULAR  "BOX"-CROSS-SECT,ON 

FIG.3.6 


FINISHED  GRADE 


1 


COVER 


CORRUGATED 
STEEL  PLATES 

GAGE "G" 

WATERPROOF 
MEMBRANE  4 
FIBERBOARD 
PROTECTION 


FOUNDATION  FOR 
ARCHES  l6'-0”  DIA. 
AND  23-0"  DIA.  ONLY 


FOR  ARCHES 


FOUNDATION 
3  0'-0’‘  THROUGH  57'o"  DIA. 
ONLY 


DIAMETER 

GAGE 

"g" 

COVER 

”c” 

"H" 

,  -1  ^11 

16  -0 

12 

3.0' 

8" 

23— 0" 

10 

3.3’ 

r-o" 

30— d' 

8 

4.3' 

8" 

35- O" 

7 

5.0' 

10" 

44-  0’ 

5 

6.3' 

1-2" 

49-0 

3 

7.0' 

r-6" 

57-0 

1 

8.2' 

1-8" 

( 


35PSI  BURIED  CORRUGATED  STEEL  ARCH¬ 
CROSS-SECTION 

FIG.  3.7 
45. 


FINISHED  GRADE 


3-0“  COVER 


-THICKNESS  V 


.-WATERPROOF 

^MEMBRANE  $ 
\fIBER90ARD 
\pROTECTION 


FOUNDATION  FOR 
DOMES  1 6-0"  DIA. 
AND  23-0"  DIA.  ONLY 


4  SLAB 


FOUNDATION  FOR  DOMES 
30-0"  DIA.  THROUGH  57‘ 
DIA.  ONLY 


DIAMETER 


_  -.1  _  li 

30-0 


-.1 

35-0 


.  .1  -.11 

44-0 


.-I  _M 

57-0 


THICKNESS 


-.1  _tl 
0-8 


.i  ..it 

0-10 


THEORETICAL 

THICKNESS 

0.1 

3  " 

i  mm 

" 

L 

5  « 

Ul 

3  " 

2. 

3  " 

2,! 

5" 

3. 

0” 

35  PSI  BURIED  CONCRETE  DOME-CROSS-SECTION 

FIG. 3. 9 


SECTION  4 


SPACE  UTILIZATION 


4.1  AN  ANALYSIS  OF  BUNKING  REQUIREMENTS 

It  became  apparent,  early  in  this  study,  that  if  the 
various  shelter  shapes  and  capacities  were  to  be  cost  compared, 
we  would  need  some  means  of  determining  the  physical  sizes  of 
the  configurations.  Hiat  is,  we  would  be  faced  with  assigning 
areas  for  shelter  functions  both  totally  and  on  a  per-caplta 
basis. 


One  convenient  way  to  do  this  is  to  size  all  configura¬ 
tions  the  same  way  using  a  3?easonable  area  allotment  per  person. 
Several  studies  have  been  done  this  way  with  assigned  values  depen¬ 
dent  somewhat  upon  knowledge  gained  from  simulated  testing,  but 
mostly  upon  the  researchers'  opinions  about  adequacy.  Generally, 
these  studies  have  not  established  the  possible  performance  dif¬ 
ferences  due  to  variations  in  space  utilization. 

In  this  effort  we  have  undertaken  space  utilization 
analyses  for  two  basic  reasons.  First,  even  If  equal  accommoda¬ 
tions  are  provided  In  the  various  shelter  configurations,  there 
may  be  space  (and  therefore,  cost)  differences  directly  charge¬ 
able  to  the  nature  of  the  structure  (i.e.  the  shape).  Second, 
the  size  and  arrangement  of  habitability  ItemB  may  affect  struct¬ 
ural  designs  and  therefore  cost. 

Among  all  items  required  for  shelter  living,  sleeping 
facilities  and  their  access  appears  to  be  the  most  important 
factor  In  allocating  space.  Some  previous  studies  have  propor¬ 
tioned  bunk  and  aisle  space  as  follows: 


Study 


Dunlap 

(16) 

68* 

NRDL 

CD 

74* 

A.  I.  R. 

14) 

91* 

BuDocks 

(29) 

93* 

Since  each  of  these  studies  was  austere  in  terms  of 
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facilities  provided,  these  figures  give  a  good  indication  of  the 
importance  of  bunking.  In  this  analysis  we  will  attempt  to  de¬ 
fine  blinking  performance  in  order  to  - 

1  -  Select  a  reasonable  bunking, scheme  for  lay-out 

purposes 

2  -  Determine  area  (cost)  differences 

3  -  Determine  the  influence  of  scheduling  on 

space  requirements 

4  -  Define  some  features  of  a  good  bunking  system 

We  caution  that  this  is  a  limited  study  in  that  manage¬ 
ment  and  human  factors  have  not  been  introduced.  The  various 
schemes  selected  for  study  may  or  may  not  be  equal  in  overall 
performance. 

4.1.1  BACKGROUND 

Abstractly,  there  are  a  limited  number  of  ways  for 
people  to  use  bare  shelter  space,  That  is,  they  may  stand,  sit 
or  lie  down.  Providing  equipment  in  the  form  of  bunks  and  seats 
adds  two  more  possibilities.  Space  requirements  for  each  of 
these  is  shown  on  Figure  4,1,  Data  for  the  first  four  configura¬ 
tions  are  taken  from  Reference  30.  Bunking  -dimensions  are  those 
recently  developed  in  a  concurrent  study  by  the  U.  S.  Army  QM, 

R&E  Command.  Without  considering  access,  space  requirements  range 
from  1,5  sq.  ft. /person  to  about  14  sq.  ft. /per son  with  standing 
the  most  efficient  way  to  use  area  and  single-level  bunking  the 
least  efficient. 

Beyond  these  configurations  there  is  the  possibility 
of  using  tiered  bunks,  A  comparison  of  area  requirements  between 
tiered  bunking,  sitting  and  standing  (Figures  4,2  and  4.3)  shows 
bunking  is  more  efficient  than  seats  when  the  tiers  are  4  or  more 
high  and  more  efficient  than  standing  when  10  or  more  high. 

4.1.2  BUNKING  SYSTEMS  AND  SCHEDULING 

Although  the  above  conclusions  are  valid,  they  may  not 
be  useable  in  a  practical  way.  It  Is  the  opinion  of  many  planners 
that  tiering  beyond  5  high  may  result  in.  significant  difficulties. 
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It  may  also  be  unreasonable  to  allocate  space  based  on  people 
standing?  If  these  limitations  are  added  to  the  analysis, 
the  most  efficient  way  to  use  space  is  to  provide  bunking  only. 

We  recognize,  however,  that  shelter  performance  may 
be  overly  restricted  if  the  occupants  must  always  remain  in 
their  bunks.  That  is,  we  would  like  to  provide  some  relief, 
say,  in  the  form  of  seating.  Our  minimum  shelter  would  then 
include  bunks  and  seats  or  space  for  seating.  Now  it  is  ap¬ 
parent  that  the  type  of  blinking  system  selected  and  the  way  it 
is  used  will  influence  space  requirements.  An  examination  of 
some  types  of  systems  will  show  this.  For  illustrative  purposes 
we  have  divided  these  into  general  categories  -  the  fixed  system, 
the  demountable  system  and  the  convertible  system  and  combinations 
of  these.  Descriptions  and  examples  are  as  follows; 

1  -  We  would  describe  a  bunking  system  to  be  partially 

fixed  if  it  or  the  space  it  occupies  cannot  be  used 
for  other  purposes  at  other  times  or  If  it  cannot 
be  moved  and  used  in  other  areas. 

2  -  A  demountable  system  Is  one  which  can  be  readily 

broken  down  and  stored  in  minimum  space  such  that 
the  area  It  occupied  can  be  used  for  other  purposes. 

3  -  In  a  convertible  system,  one  or  more  of  the  tiered 

bunks  can  be  rearranged  to  provide  seating.  In  this 
study  we  have  considered  seating  on  one  tier  only. 

Any  of  the  above  systems  could  be  arranged  for  end  or 
side  loading.  Various  styles  of  bunks  incorporating  one  or  more 
Of  these  features  have  been  used  in  other  studies.  Some  examples 
are  shown  on  Figures  4.4  through  4,9. 

The  bunk  shown  on  Figure  4,4  is  that  used  In  a  recent 
simulated  occupancy  study  by  the  American  Institute  for  Research. 
(14)  The  bunk  frames  were  made  of  angle  irons  with  steel  springs 
and  wire  lattice.  The  bunks  were  arranged  In  3-high  tiered  units. 
Each  unit  is  demountable  to  the  extent  that  the  bunk  frames  and  up¬ 
rights  can  be  separated.  If  the  center  bunk  is  removed,  each  unit 

*  This  may  not  be  true  if  it  means  the  difference  between  over¬ 
crowding  or  not  having  shelter. 
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will  seat  4  persons.  The  system  is  free  standing  and  can  be 
end  or  side  loaded. 

The  bunking  system  shown  on  Figures  4.5  and  4.6  was 
used  by  this  office  in  a  previous  study.  (12)  This  style -of 
bunk  is  adaptable  primarily  to  constant-headroom  structures. 

It  is  fixed  in  the  sense  that  it  is  not  free-standing  and  can¬ 
not  readily  be  used  for  seating.  It  is  demountable.  The 
system  shown  on  Figure  4.7  is  similar  to  the  unit  shown  on 
Figure  4,6  except  that  it  is  arranged  for  end-loading. 

Figures  4,8  and  4.9  illustrate  a  most  recent  design 
for  low-cost  sleeping  facilities.  It  was  developed  by  the 
Quartermaster  R&E  Command  under  contract  to  OCD  (Project  No. 
1310),  This  unit  is  free-standing,  designed  for  use  in  exist¬ 
ing  spaces  where  varieties  of  headrooms  are  encountered.  The 
bunks  can  be  arranged  in  units  two  wide  by  3,  4  or  5  tiers 
high.  Each  module  is  approximately  4' -4"  wide  x  6»-4"  long. 
Individual  tiers  are  about  7",  27",  47",  67"  and  87"  above 
the  floor  level. 

Frames  and  supports  are  of  slotted  angle  iron  with 
1/4"  plywood  used  as  the  sleeping  surface.  The  bunk  may  be 
supplied  with  a  urethane  mattress.  Each  unit  is  completely 
demountable  and  convertible  to  seating  arrangements. 

Each  of  these  systems  is,  in  varying  degrees,  fixed, 
demountable  for  convertible  and  therefore  may  require  different 
space  allotments.  Figure  4,10  shows  a  comparison  between  systems 
if  both  bunking  and  seating  are  required.  The  fixed  system  re¬ 
quires  bunk  space  and  seat  space  for  everyone.  The  demountable 
scheme  also  requires  a  bunk  and  a  seat  but  the  sleeping  area 
is  available  for  seating.  The  convertible' system  requires  no 
seating  area  if  tiers  are  less  than  5  high.  The  demountable 
system  is  always  more  efficient  in  terms  of' space  required  but 
may  not  be  the  most  preferable  in  eterms  of  cost  or  performance. 

It  is  not  as  easy  to  use  as  the  convertible  system  and  requires 
an  additional  piece  of  equipment  (i.e.  a  seat)*.  From  these 
points  of  view  it  seems  that  a  4-high,  side-loaded  convertible 
system  might  be  most  attractive. 


*  Unless  shelterees  are  willing  to  sit  on  the  floor. 
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There  Is  a  possibility  -that  variations  In  scheduling 
bunk  time  may  influence  space  requirements  and  that  this  in¬ 
fluence  might  not  be  the  same  for  all  configurations.  There 
is  also  an  interaction  between  scheduling  and  bunk  system 
design.  That  is,  demountable  and  convertible  .features  become 
less  valuable  as  bunk  use  increases.  Figures -4,11  and  4^12* 
show  the  results  of  scheduling  (or' shifting  for  5-  and  3- high 
bunks).,-  It  is  interesting  to  note,  on  an  abstract  basis,  that 
with  3-high  bunking  an  increase  in  the  number  Of  bunk  shifts 
reduces  area  requirements  whereas  with  $- high  bunking  this 
trend  reverses.  With  4-high  bunking,  shifting  has  little  eff¬ 
ect.  Another  conclusion  we  might  draw  is  that  regardless  of 
tiering  the  significant  benefits  are  obtained  in  the  range  of 
1  to  4  shifts. 


To  test  these- apparent  effects,  we  decided  to  select 
some  scheduling  schemes,  apply  these  to  a  configuration  and 
calculate  area  requirements  for  each  of  the  three  bunking 
systems.  The  schemes  selected  for  study  are  graphically  shown 
on  Figure  4.13.  Scheme  I -Is  usually  referred  to  as  "cold 
bunking".  Scheme  II  is  2- shift  bunking  and  Scheme  III  Is  full 
"hot"bunkIng,  Scheme  IV  Is  commonly  called  2/3-hot  bunking 
and  Is  similar  to  the  scheme  suggested  for  consideration  In  a 
report  by  the  American  Institute  for  Research  (14).  The  con¬ 
figuration  used  for  evaluation  Is  the  circular  arch.  It  was 
chosen  because  it  possesses  a  certain  degree  of  difficulty  in 
space  utilization.  Three  sizes  of-arches  were- selected  as 
reasonable  to  house  1GG,  500  and  1,000  persons.  Their  dimen¬ 
sions  are  16*,  35'  and  49'  in  diameter  respectively  with  lengths 
calculated  in  accordance  with  bunking  and  seating  requirements. 
Criteria  used  for  layout  purposes  are  as  follows: 


Bunk  Dimensions 
Maximum  tiering 
Lower  bunk  clearance 
Clearance  between  bunks 
Clearance  between  top 
bunk  and  ceiling 
Seat  dimensions 


6»-4"  long  x  2'-2" 
5  high 

7" 

20" 

20" 


wide 


18"  x  18" 


*  In  these  figures,  one  bunk  shift  per  cycle  means  one  bunk  per 
person  and  continuous  use  of  bunks.  Two  shifts  means  half  bunk¬ 
ing,  half  seating  and  so  on. 
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Minimum  headroom  for  seating 
Main  aisles 
Side  aisles 


4«~6" 

4'-0" 

2*-0" 

In  addition,  we  have  assumed  that  fixed  and  demountable  bunks 
may  be  enddoaded.  Convertible  bunks  are  required  to  be  side** 
loaded.*  Unit  space  data  for  the  three  arches  are  shown  on 
Figures  4.14  through  4,18,  The  possible  combinations  total 
36*  The  results  of  this  investigation  are  given  in  Table  4.1. 

4.1,3  SOME  CONCLUSIONS 

Within  the  limitations  of  this  analysis,  the  follow¬ 
ing  Statements  can  be  made  for  arch  structures: 

1  -  Fixed  bunking  systems  are  optimum  only  when  a 

continuous  hot-bunking  schedule  is  employed. 

2  -  Beyond  this,  demountable  bunking  is  optimum. 

As  shelter  size  increases,  scheduling  has 
little  effect  on  space  requirements  when 
this  system  is  used, 

3  -  The  "cost"  of  a  side-loading  feature  for  con¬ 

tinuous  bunking  is  approximately  l/2  sq.  ft. 
per  person.  (Difference  between  triple- shift 
fixed  and  triple-shift  convertible). 

4  -  For  single- shift  or  "cold"  bunking,  a  demount¬ 

able  system  may  save  as  much  as  1.7  sq.  ft. 
per  person,  but  this  apparent  saving  might  be 
offset  by  the  cost  of  providing  seats. 

For  the  remainder  of  this  study  we  have  decided  to 
base  area  requirements  on  the  use  of  convertible  bunks  ar¬ 
ranged  for  single- shift  sleeping.  Although  this  is  not  op¬ 
timum,  it  may  be  more  reasonable  to  use  than  some  other  system 
for  several  reasons.  First,  because  sidedoading  has  become 
preferable  (31)  to  enddoading.  Second  because  convertible 


*  If  the  bunks  are  reoriented  after  each  shift  they  could  be 
enddoaded.  We  have  not  done  this. 


( 
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TABLE  4.1 


COMPARISON  OF  BUNKING  SYSTEMS 
APr  ICED  TO  ARCH  CONFIGURATIONS 


BUNK  TYPE 

(AREAS  FOR  BUNKING 

BUNKING  SCHEDULE 

&  SEATING 

16'  ARCH 
(100  cap. 

ONLY) 

BASIC  AREA  PER 
35'  ARCH 
)  (500  Cap.  ) 

PERSON 

49*  ARCH 
(1000  cap 

Fixed-*- 

Single  Shift 

9.8 

9.3 

9.7 

It 

Double  Shift 

7.5 

7.0 

6.9 

It 

Triple  Shift 

5.1 

4.6 

4.7 

11 

Two- Thirds  Shift 

8.4 

7.7 

7.6 

Demountable-*- 

Single  Shift 

8.3 

4.9 

4.6 

II 

Double  Shift 

5-2 

4.8 

4.7 

It 

Triple  Shift 

* 

* 

# 

II 

Two- Thirds  Shift 

5.7 

5.1  . 

4.7 

Convertible 

Single  Shift 

6.9 

.  6.7 

6.3 

II 

Double  Shift 

6.1 

5.6 

4.9 

..  (+) 

Triple  Shift 

5.8 

5.0 

5.2 

II 

Two- Thirds  Shift 

7.5 

6.1 

5.4 

*  This  Combination  is  not  possible  since  the  bunks  are  in 
continuous  use. 

+  End  Loading 

(+)  This  combination  is  included  to  show  the  effect  of  the 
side  loading  feature 
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bunking  systems  might  be  easier -to  use  than- demountable  systems. 
Third,  because  they  have  "built-in"  seating.  And  fourth,  be¬ 
cause  designing  for  continuous  bunking  may  not  allow  a  margin 
of  safety  in  terms  of  overcrowding. 

As  an  example  of  the  last  point,  consider  a  typical 
100-person  arch  arranged  with  convertible  bunks  and  programmed 
for  single-shift  sleeping  (Figure  4.19)-  If  the  interior  con¬ 
figuration  is  rearranged  to  provide  for  continuous  end-loaded 
bunking,  it  will  accommodate  80$  more-  shelterees.  Practically, 
this  is  accomplished  by  discarding  2/3  of  the  bunks  and  using 
the  excess  area  for  seating*  (see  Figure  4.20).  If  one  is 
really  interested  in  providing  an  overcrowding  capability,  the 
same  shelter  might  be  designed  with  about  50$  more  area  (Figure 

4.21)  which  would  result  in  a  200$  overload’ capability  (Figure 

4.22) .  Tills  same  sort  of  analysis  can  be  applied  across- the 
whole  spectrum  of  possible  bunking  schemes  and  schedules.  Using 
the  single-shift  convertible  system  as  a  base,  the  changes  in 
population  that  might  be  expected  with  other  arrangements  (for 
arch  configurations)  are  shown  in  Table  4.2, 

During  this  investigation  of  bunking  methods  and 
scheduling  some  attributes  of  a  good  bunking  system  have  be¬ 
come  apparent.  Briefly,  these  are  to  be: 

1  -  Capable  of  being  re-positioned  (free-standing) 

2  -  Demountable 

3  -  Convertible  to  seating 

4  -  Easy  to  use 

A  bunking  system  which  incorporates  all  of  these  fea¬ 
tures  would  afford  a  high  degree  of  flexibility  of  use  in  any 
shelter  configuration. 

4.2  OPTIMUM  BAY  FOR  RECTANGULAR  STRUCTURES 

For  a  particular  capacity  and  overpressure  rating,  the 
optimum  rectangular  configuration  is  a  function  of  bay  size 
(column  spacing),  ceiling  height  and  aspect  ratio.  From  struc- 


*  On  the  floor  if  seating  for  the  overcrowding  possibility  is 
not  initially  included. 


TABLE  4.2 

ESTIMATED  OVERLOAD  CAPABILITY  FACTORS 
FOR  ARCH  CONFIGURATIONS 


Fixed  -  3  Shifts  1.30 

Demountable  -  2  Shift  1.26 

Demountable  -  2/3  Shift  1.21 

Convertible  -  3  Shift  1.20 

Convertible  -  2  Shift  1.17 

Demountable  -  1  Shift  1.11 

Convertible  -  2/3  Shift  1.05 

Convertible  -  1  Shift  1.00  Base 

Fixed  -  2  Shift  .92 

Fixed  -  2/3  Shift  .80 

Fixed  -  1  Shift  .55 
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turaL  computations,  we  have  found  that  minimum  costs  are  as¬ 
sociated  v/ith  small  bay  sizes  and  square  (in  plan)  structures. 
It  remains  now  to  determine  the  least  possible  bay  size  and 
headroom  consistent  with  efficient  utilization  of  space. 

4.2.1  ADAPABILITY 


Since  most  shelter  area  is  used  for  bunking,  it  seems 
desirable  to  plan  column  spacing  on  adapability  to  the  bunk 
system.  For  our  purposes,  we  have  chosen  the  Quarte-rmaster- 
type  bunking  module  with  dimensions  6,-4't  long  by  4'-4"  wide. 

The  minimum  bay  sizes  which  will  accommodate  this  system  are 
6* -4"  by  7'-0t!  and  6' -4"  square  depending  on  whether  or  not 
Column  encroachment  on  a  21  aisle  is  permissable  (Figure  4.23). 
If  such  is  the  case,  the  square  bay  will  result  in  an  area,  and 
therefore  roof  system  cost,  saving  of  about  10$.  The  rectangular 
structures  developed  hereafter  reflect  these  cost  savings. 

4.2.2  OPTIMUM  HEADROOM 

Minimum  practical  headroom  will  allow  4-high  tiered 
bunkingjand  if  the  performance  limit  is  taken  at  5-high,  the 
optimum  headroom  can  be  established  by  a  comparison  between 
these  two  arrangements.  This  comparison- was  undertaken  for 
the  three  rectangular  shelter  sizes  (100-,-  500  and  1000 )  de¬ 
signed  for  35  dnd  60  psi  (See  Appendix  B-l). 

Results  indicate  that  within  the  criteria  limits, 
4-high  tiering  is  optimum.  There  is  an  apparent  trend  which 
indicates  that  for  larger  units  this  may  not  be  true. 

4.3  ARCH  CONFIGURATIONS 

Arch  structures  present  somewhat  of  a  complex  prob¬ 
lem  in  terms  of  space  utilization- in  that  -there  are  many 
possible  combinations  of  diameters,  lengths,  interior  decking- 
and  tiering  of  bunks  which  can  result  in  100y  500-or  1000-per- 
son  shelter  units.  A  separate  investigation  was  undertaken  for 
the  various  arch  diameters  to  determine  the  approximate  cost 
differences  for  the  various  combinations.  The  basic  cost  data 
used  for  corrugated  steel  arches  and  reinforced  concrete  arches 
are  shown  on  Figures  4.24  and  4,25.  Ihe  results  of  the  analysis 
are  given  in  Appendix  B-2. 


From  this  cost  information,  we  can  conclude  the 

following: 

1  -  The  small  concrete  arch  configuration  (16*  dia¬ 

meter  in  this  analysis)  will “re suit  in  minimum 
cost  for  all  three  capacities.  For  small  at  eel 
arches  this  result  is  not  clear  ^across- the¬ 
ta  card**  . 

2  -  Beyond  this,  reasonable  arch  configurations  for 

500  persons  and  1,000  persons  can  be  represented 
by  the  35'  arch  and  the  49’  arch,  steel  or  - con¬ 
crete,  arranged  mainly  with  4-high  bunking. 

4.4  DOME  CONFIGURATIONS 


The  dome- configuration  presents  a  most  difficult 
space  utilization  problem  and  tedious  trial  and  error  solu¬ 
tions  are  required  to  determine  the  optimum  diameter  for  a 
given  capacity.  Basic  cost  data  for  reinforced  concrete  domes 
are  given  on  Figure  4.26.  With  this  data  and  space  require¬ 
ments  as  established  in  this  section  and  others,  reinforced 
Concrete  domes  for  the  three  capacities  were  selected  and 
costed.  The  results  are  given  in  Section  J. 

(text  continued  on  page  85.) 
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SECTION  5 


ENTRANCE  PACKAGES 


5.1  INTRODUCTION 


This  section  deals  with  the  influence  of  entrance  and 
exit  on  configuration,  That  is,  to  say,  entrance  and  exit  con* 
figurations  have  been  evaluated  and  selections  designed  to  a 
point  required  for  costing. 


The  entrance  and  the  exit  are  considered  the  two  fac¬ 
ets  of  an  entrance  package  rather  than  as  separate  shelter  com¬ 
ponents,  This  is  because  they  are  closely  related  or  interde¬ 
pendent  as  the  capabilities  designed  into  one  influence  the 
Other* 


Entrance  packages  for  shelters  must  be  designed  to 
perform  certain  functions; 

1  -  Low  rate  ingress  and  egress  for  peacetime  main¬ 

tenance,  The  package  must  be  UsdbifeC'onr iajr epptihf;-.  ■  ■ 
tive  basis  for  small  numbers  of  security  or  house¬ 
keeping  personnel  to  enter  and  leave  the  shelter 
by  more  or  less  normal  methods  without  deteriora¬ 
tion  or  reduction  of  its  capabilities  for  use  by 
shelterees, 

2  -  High  rate  ingress  at  pre-attack  (pre-blast  and 

pre-fallout)  time.  The  entrance  must  be  of  suf¬ 
ficient  capacity  to  admit  the  required  number  of 
persons  per  minute  to  fill  the  shelter  at  the  time 
of  pre-attack  warning.  If  the  shelter  itself  can 
survive  a  given  blast  pressure  then  the  entrance 
must  in  addition  be  Capable  of  surviving  the  same 
blast  pressure  and  then  providing  quick  entry. 

This  would  be  for  a  potential  shelter  population 
that  had  survived,  though  unable  to  reach  the 
shelter  before  the  blast,  but  did  not  have  fall¬ 
out  protection.  These  people  could  Conceivably 
quickly  reach  and  enter  a  shelter  before  the  fall¬ 
out  arrived* 


3  -  Low  rate  egress  and  ingress  in  a  post-attack  period. 
This  would  be  for  exploratory  and  decontamination 
teams  plus  final  evacuation. 

In  addition,  entrance  packages  might  be  used  for  other 
functions  such  as?  housing  mechanical-electrical  equipment?  set¬ 
tling  intake  air  particles?  discharging  air?  and  storing  food  or 
equipment.  Using  entrances  for  these  purposes  depends  upon  the 
economics  of  alternatives  beyond  their  basic  function  as  entrances. 

Basic  criteria  for  entry  and  egress  are  given  in  Section 

2.2.4. 

5.2  TYPES  OF  ENTRANCES 

The  basic  manual  or  non-mechanical  methods  of  entering 
a  Shelter  are  jumping,  sliding,  climbing,  or  walking,  by  means 
of  a  vertical  well,  a  Chute  or  pole,  a  ladder,  or  a  ramp  or  stairs, 
•''•ipaliisd.tl rv e  1  y „  Mechanical  means  such  as  moving  ramps,  escalators 
and  elevators  have  not  been  considered. 

$.2,1  JUMP 


Entrance  to  a  shelter  by  jumping  from  the  ground  surface 
down  a  well  or  shaft  is  probably  the  minimum-cost  method.  The 
Shaft  walls  and  landing  point  would  require  careful  padding  to 
avoid  Injury  and  multiple  stages  (second  or  third  jump  from  inter¬ 
mediate  landings)  might  be  necessary.  This  method  is  uninterest¬ 
ing  because^  It  is  a  one-way  method?  the  tendency  for  pile-ups  at 
the^landing  point  would  be  strong  as  there  would  be  a  serious  prOb- 
of  regulating  flow  to  allow  people  to  compose  themselves  and 
move  off  the  landing  point?  there  would  be  a  high  injury  probabil¬ 
ity  regardless  of  the  precautions. taken. 

5.2.2  SLIDE 

Use  of  the  firepole  to  slide  into  the  shelter  is  probably 
safer  and  more  reasonable  than  the  "jump*1  method  but  it  too  is  con¬ 
sidered  unusable  In  spite  of  the  relatively  low  cost,  because  Of 
the  same  danger  of  pile-up  and  injury  at  the  landing  point  at  shel¬ 
ter  level  and  the  fact  that  it  is  a  one-way  access. 

’•'rov-:  ,vV.;/  The' fire  eseape-type  chtite  is  'a  much  safer,  all di  thah  the 
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pole  type  in  that  lower  velocities  are  involved  and  the  physical 
demands  on  the  user  are  much  less.  There  is  still  cause  for 
serious  concern  regarding  the  ability  of  people  to  quickly  move 
off  the  discharge  point  at  the  end  of  the  slide.  Any  delay  at 
this  point  would  probably  cause  a  pile-up  and  possible  injury. 
This  again  is  a  one-way  access  and  the  cost  of  compensatory 
exits  must  be  added  to  the  chute  cost.  The  total  slide  entrance 
package  is  estimated  to  be  in  the  same  cost  range  as  stairs. 

5.2.3  LADDERS 


The  feasible  rate  of  entry  to  a  shelter  by  climbing 
down  ladders  is  much  less  than  what  is  required  for  even  the 
100-man  shelter  and  becomes  even  less  reasonable  as  the  larger 
shelters  are  considered.  It  does,  however,  appear  to  be  the  least 
expensive, most  reasonable  method  of  providing  the  exit  portion 
of  the  package. 

5.2.4  RAMPS 


The  pedestrian  ramp  is  probably  the  safest  means  of 
entrance  to  a  shelter.  The  rate  of  entry  is  simply  a  function 
of  the  ramp  width;  the  danger  of  injury  from  stumbling,  fall¬ 
ing  and  pile-up  is  less  than  for  jumps,  slides,  ladders  and 
stairs.  In  addition  it  provides  two-way  access.  The  cost  per 
linear  foot  of  covered  ramps  is  estimated  to  be  slightly  (approx¬ 
imately  16$)  less  than  that  of  stairs.  However,  Inasmuch  as  a 
slope  of  100$  can  be  used  for  stairs  while  a  maximum  slope  for 
ramps  Is  approximately  1 6$, ramp  entrances  are  considerably  more 
expensive  than  stair  entrances.  Open  ramps  would  be  more  expen¬ 
sive  than  covered  ramps  because  of  the  additional  wall  heights 
required  to  maintain  the  excavation  cross  section.  They  would 
create  drainage  and  In  many  areas  snow  removal  problems. 

They  have  the  additional  disadvantage  that  they  would 
be  .unusable  as  settling  chambers  for  intake  air, 

5.2.5  STAIRS 


With  the  exception  of  the  ramp,  entry  by  stairs  is  the 
only  method  that  can  reasonably  meet  the  rate? of- entry  require¬ 
ments,  While  it  is  perhaps  slightly  less  safe,  it  is  a  recognised 
means  of  economical  mass  movement.  If  it  were  necessary  to  descend 
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to  considerable  depths,  say  5  or  6  floors,  stairs  would  be 
onerous  and  ramps  more  desirable  even  though  more  expensive, 
as  noted  under  5.2.4.  However,  with  landings,  the  12  to  36 
foot  depths  required  for  these  shelters  are  no  hardship  and 
in  view  of  lower  costs,  stairs  were  selected  for  entrance 
use  for  this  study. 

5.3  STAIR  ENTRANCE  DESIGN  AND  COST 

Various  types  and  shapes  of  stair  entries  constructed 
of  corrugated  steel  conduit,  concrete  pipe  and 
place  reinforced  concrete  releiaents  were  considered  and  the 
more  promising  ones  -  were  developed  and  costed, 

5.3.1  SPIRAL  STAIRS 

The  spiral  staircase  was  compared  with  Straight  stairs. 
Although  they  can  be  easily  installed  within  an  economical  cylin¬ 
der  and  have  a  lower  unit  cost  than  straight  stairs,  they  have 
certain  disadvantages.  First,  the  varying-width  stair  tread  is 
quite  hazardous  for  rapid  descent.  Second,  when  descending 
24-36  feet  as  is  required  for  the  500-and  1, 000-man  shelters, 
an  intermediate  landing  is  necessary  and  the  spiral  stair  does 
not  readily  accommodate  this.  Third,  the  capacity  and  descent 
rate  is  slower  than  that  of  straight  stairs  and  this  cannot  tbe 
compensated  for  by  Widening  the  stairs  because  of  the  necessity 
for  keeping  one  hand  on  a  rail  for  safety.  Multiple  spirals  be¬ 
come  more  expensive  than  straight  stairB  because  they  are  not 
easily  combined  in  one  well  but  require^  individual  wells, 

5.3.2  STRAIGHT  STAIRS 


Standard  sized  entrance  units  were  established  for  type 
comparisons  and  these  are  adaptable  to  each  shelter  size  invest!- 
in  this  study.  •  ■ 

As  previously  noted  in  Section  2,  the  National  Board  of 
Fire  Underwriters  (23)  exit  unit  concept  was  followed.  The  ca- 
•paoities  of  stairs  of  various  exit  unit  widths  were  used  to 
develop  the  curve  shown  on  Figure  5.1  to  establish  the  Capacity 
in  persons  per  minute  per  inch  of  stair  width.  From  this  curve 
a  size  called  a  single  unit  entrance  of  2* -8 11  width  and  one  called 
a  double  unit  entrance  of  4* -O’1  width  were  selected  for  this  study. 
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The  single  unit  entrance  has  a  capacity  of  50  persons  per  minute 
or  250  in  the  five  minute  entry  time  and  a  double  unit  has  a 
capacity  of  100  per  minute  or  500  in  the  five  minute  entry  time. 
Some  possible  arrangements  of  entrance-exit  packages  are  shown 
on  Figures  5.2  through  5.6, 

Circular**  and  oval  cross-sections  of  corrugated  steel 
or  reinforced  concrete  were  compared  with  rectangular  reinforced 
concrete  sections  for  the  stair  tunnel  for  both  entrance  unit 
widths  as  follows.  These  cross-sections  are  shown  on  Figures 
5.7  and  5.8.  ■ 

Shape  of  Cross  Section 
Circular  Oval  Rectangular 

Single  Entr,  Unit 


Cor rug.  Steel 

$56,20 

$58.80 

Reinf.  Concrete 

51.00 

52.50 

$27. 00 

Double  Entr.  Unit 
Corrug.  Steel 

$62,40 

$63.00 

Reinf.  Concrete 

58.00 

60.00 

$31.00 

Costs  are  per  linear  foot. 

Following  this  cost  comparison,  it  was  decided  to  use  the 
reinforced  concrete  rectangular  cross-section  for  the  stair  tun¬ 
nels  rather  than  one  of  the  precast  shapes. 

The  NBFU  class  "C"  stair  slope  of  1:1  vtas  selected  as  a 
satisfactory  stair  slope. 

The  headroom  used  in  the  entrance  cross-section  was  6'- 
6"  when  the  passage  is  horizontal.  This  gives  a  minimum  of  6*- 
4"  from  the  nose  of  a  stair  tread  to  the  closet  obstruction  over¬ 
head.  This  is  considered  adequate.  Normal  construction  usually 
provides  6' -6”.  The  NRDL  (l)  shelter  entrance  uses  4  headroom 
of  5*-6". 


The  depths  from  ground  level  to  the  point  of  entry  for 
the  three  sizes  of  shelter  were  determined  to  be  in  the  vicinity 
of  12  feet,  24  feet  and  36  feet  for  the  100-person,  500-person 
and  1000-person  shelters  respectively.  The  cost  incurred  because 
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Of  the  structural  complications  involved  in  entering  the  larger 
Shelters  at  upper  floors  must  he  offset  against  the  saving  in  ex¬ 
cavation  with  a  reduced  entrance  depth.  After  a  preliminary  com¬ 
parison,  it  was  concluded  to  he  more  economical  to  go  to  the  main 
floor  of  the  shelter  in  all  cases. 

Two  general  types  of  reinforced  concrete  entrances  were 
investigated.  These  are: 


1  -  Stair  Well  type  -  Flights  of  stairs  running  from 

ground  level  parallel  with  the  walls  of  a  square 
or  rectangular  well.  In  the  case  of  the  square 
well,  each  given  run  on  a  side  would  consist  of 
a  landing,  a  set  of  stairs,  then  a  landing  for  the 
90-degree  change  in  direction  and  so  on.  In  the 
case  of  a  rectangular  well  there  would  he  flights 
of  stairs  running  parallel  with  the  iong  dimensions 
of  the  well  with  a  reversal  of  direction  at  each 
end  wall  from  landings.  The  rectangular  stair 
well  type  is  shown  on  Figure  5.9.  This  rectangular 
type  has  an  advantage  in  that  a  single  or  double 
unit  can  be  doubled  in  capacity,  if  required,  by 
installing  double  run  or  scissor  stairs  (two  runs 
of  stairs  start  at  the  top,  one  at  each  end  of  the 
well  and  run  down  in  opposite  directions,  crossing 
midway  to  landings  where  direction  is  reversed  and 
the  arrangement  repeated)  and  providing  two  entrances 
(one  for  each  set  of  stairs)  to  the  shelter  tunnel. 

2  -  Vestibule  type  -  one  straight  flight  of  stairs  from 

ground  level  to  a  vestibule  and  then  down  a  straight 
flight  of  stairs  to  the  shelter  tunnel.  This  type 
is  shown  on  Figure  5.10. 

Both  of  these  entrance  types  as  shown  are  provided  with 
a  chain  link  fence  around  the  portal  \to  prevent  accidents.  Pre- 
Cast  planks  or  grating  to  cover  the  opening  are  an  alternate  for 
areas  where  the  fence  is  undesirable. 

As  indicated  previously,  the  shelters  in  this  study  have 
been  selected  at  35  psi  with  alternate  costs  for  60  psi  and  nom¬ 
inal  live-loading  to  show  cost  variations.  The  over-pressure 
designs  therefore  call  for  blast  doors.  These  doors  are  considered 


to  be  built  up  panels  of  Structural  steel  plate  and  beams, 
placed  in  a  vertical  position.  On  the  premise  that  all 
projections  above  the  normal  ground  surface  (such  as  bulk¬ 
head  embankments  etc,}  should  be  avoided,  these  doors  are 
located  below  ground*  Two  methods  of  doing  this  were  in¬ 
vestigated.  One  was  to  place  the  door  at  the  bottom  of 
the  stairs  as  with  the  stair- well  type  entrance,  (Figure 
5.9)  Hie  other  was  to  provide  a  vestibule  to  obtain  head- 
room  below*ground  and  then  to  provide  the  door  at  the  end 
of  the  vestibule  before  descending  the  main  stairs  to  the 
shelter  as  shown  for  the  vestibule  type  entrance  on  Figure 
5.10. 


Figure  5.9  also  shows  the  transition  section  that 
is  provided  for  each  of  these  entrance  types  of  minimize 
“shine"  from  radioactive  debris  that  may  be  deposited  in, 
or  at  the  portal  of,  the  entrance  and  to  maintain  the  min¬ 
imum  three  feet  of  earth  shielding  for  the  shelter  itself. 
This  consists  of  a  right  angle  bend  section  of  level  tun¬ 
nel,  each  leg  being  3  feet  long,  which  leads  from  the  bot¬ 
tom  of  the  stairs  into  the  shelter. 

Steel  grating  with  structural  steel  framing  has 
been  used  for  the  stair-well  type  entrance  and  for  the  ves¬ 
tibule  type  with  the  exception  of  the  stair  tunnel  portion. 
Here  concrete  stairs  were  used. 

5.3.3  STRAIGHT  STAIR  COSTS  -  35  psi 

The  costs  of  double- and  single-entrance  100  and  50 
persons  per  minute  respectively  for  the  three  nominal  shelter 
depths  for  both  the  stair  well  and  vestibule  types  are  depic¬ 
ted  in  the  curves  on  Figure  5,11,  The  vestibule  type  results 
in  the  lower  costs  and  these  are  the  ones  included  in  the 
total  entrance  package  costs  used  in  subsequent  shelter  com¬ 
parisons. 

5.3.4  VESTIBULE  TYPE  ENTRANCE  COSTS  -  psi  VARIABLE 

Costs  are  also  estimated  for  nominal  or  low  and  60 
psi  Ontrances  for  the  three  nominal  depths  and  these  are 
shown  with  the  costs  of  the  35  psi  entrance  in  the  following 
table. 
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Depth  (feet) 

12 

24 

36 

Unit 

Single 

Double 

Single 

Double 

Single 

Double 

Nominal 

Live-Load 

$1,606 

$1,-871 

$2,695 

$3,115 

$4,564 

$5,289 

35  psi 

1,959 

‘2,282 

3,083 

3,560 

5,001 

5,781 

60  psi 

5  A 

EXIT 

2,327 

2,723 

3,554 

4,115 

5,576 

6,477 

The  exit  part  of  an  entrance  package  has  no  stringent 
rate  of  movement  of  people.  Its  minimum,  dimensions  are  those 
required  for  one  person  to  leave  the  shelter.  Its  prime  re¬ 
quisites  beyond  this  is  that  it  must  provide  resistance  to  blast 
and  shielding  from  radiation  consistent  with  that  of  the  partic¬ 
ular  class  of  shelter  for  which  it  is  provided  and  must  be  of  min¬ 
imum  cost. 

On  the  basis  of  the  costs  per  linear  foot  of  steel  and 
concrete  cross-sections  developed  for  stair  tunnels,  a  reinforced 
concrete  structure  consisting  of  a  vertical  column  section  topped 
by  a  Submarine-type  blast-resistant  hatch  and  with  a  manhole-type 
vertical  ladder  leading  to  a  reinforced  concrete  horizontal  sec¬ 
tion  into  the  shelter  has  been  selected. 

Estimated  costs  for  this  exit  complete  for  the  three 
nominal  depths  and  three  pressures  are  shown  in  the  following 
table. 


Depth  (feet) 

12 

24 

36 

Nominal  Live-Load 

$610 

$778 

$945 

35  psi 

750 

955 

1160 

60  psi 

914 

1165 

1417 

(text  continued  on  page  104.) 
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FIG. 5.8 


FIG.  5.10 


SECTION  6 


THE  INFLUENCE  OP  UTILITIES. 


6.1  INTRODUCTION 


In  any  study  aimed  at  establishing  optimum  shelter  con¬ 
figurations  for  planning  purposes,  it  Is  necessary  to  consider 
effects  of  shelter  requirements  beyond  structural  and  living 
space  needs.  ¥e  are,  for  example,  aware  of  the  several  physio¬ 
logical  needs  of  sheltereesj  such  as:  adequate  atmospheric  en¬ 
vironment,  food,  water,  waste  disposal  and  lighting.  We  are 
also  aware  of  the  need  of  relating  the  performance  of  such  items 
to  overall  survivability  and  of  providing  performance  on  a  com¬ 
patible  basis.  Presumably  such  an  approach  leads  to  minimum 
cost.  • 


If  this  were  a  comprehensive  shelter  study,  this  approach 
might  be  taken,  albeit  applying  survivability  ratings  to  utilities 
and  designing  them  at  a  compatible  level  may  be  difficult  to  do. 

That  is,  it  is  "easy"  to  prepare  a  structural  design  at,  say, 

35  psi  with  exits  and  openings  compatible  at  this  level;  it  is 
more  difficult  to  select  a  compatible  sanitary  or  food  system 
because  these  are  not  obviously  relatable  to  overpressure  criteria. 
In  short,  shelters  include  many  features  with  designs  based  on 
different  kinds  of  criteria. 

This  may  or  may  not  be  a  serious  problem  in  selecting 
shelter  utilities  especially  for  the  purposes  of  this  study.  There 
are  some  reasons  for  Increased  confidence:  First,  we  are  better 
informed  about  utility  performance  through  previous  studies  and 
simulated  test  programs.  Secondly,  we  have  learned  to  treat  shel¬ 
ter  utilities  as  such  and  not  confuse  them  with  utilities  found  in 
conventional  structures.  Thirdly,  unlike  the  irrovokable  nature 
of  the  shelter  structure  itself,  it  may  be  possible  to  upgrade  or 
retrofit  the  utility  system  as  the  threat  changes  and  as  new  designs 
become  available. 

With  such  confidence,  it  seemed  possible  to  select  utility 
systems  in  a  reasonable  manner,  such  that  investigations  into  the 
interaction  of  utilities  and  shelter  configurations  would  lead  to 
some  meaningful  results.  That  is,  results  in  terms  of  optimum  con¬ 
figurations,  not  optimum  utilities.  Our  emphasis,  then,  is  in  the 
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Items  which  appear  to  have  maximum  cost  versus  performance  effects. 

Among  such  items  are  those  which  are  required  for  or  in¬ 
fluence  the  maintenance  of  adequate  environmental  conditions  within 
the  shelter.  The  overall  environmental  problem  is  generally  handled 
in  two  parts.  The  first  involves  the  dissipation  of  internally 
generated  heat  to  maintain  survivable  temperatures, and  the  second 
is  concerned  with  providing  a  breathable  atmosphere  (i.e.  the  02 
-  CC>2  problem).  Our  treatment  of  shelter  utilities  is  limited  to 
applying  general  solutions  to  this  (these)  problem  (s).  There  are, 
of  course,  requirements  for  other  utility  systems  such  as  sewerage, 
food  and  water,  lighting  and  communications.  We  have  treated  these 
lightly  (or  not  at  all)  since  their  influence  on  shelter  configura¬ 
tion  appeared  to  be  minimal.* 


Amonjjg  the  specific  tasks  selected  for  study  are  the  fol¬ 
lowings 

1  -  To  determine  the  extent  and  value  of  heat  dissipation 

through  the  shelter  walls  over  a  14-day  period. 

2  -  To  identify  those  configurations  which  allow  for  the 

dissipation  of  all  metabolic  heat  through  the  shelter 
walls  during  a  24-hour  closure  period. 

3  -  To  develop  space  requirements  for  ventilation-heat 

dissipation  packages  and  to  determine  their  optimum 
location,  (i.e.  in  the  entrance  package,  separate 
and  outside  the  shelter  or  -within  the  shelter) 

4  -  To  estimate  the  cost  per  capita  differences  of  en¬ 

vironmental  control  systems  between  large  and  small 
shelters. 

5  -  To  rate  the  various  configurations  from  the  utility 

viewpoint. 


*  These  items  are  specifically  treated  in  concurrent  studies 

e.g.  1309  -  on  sanitation  systems,  1301-2  on  food,  1305  -  on  water, 
1311  -  on  lighting  and  1505  -  on  communications. 
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The  results  of  this  analysis  are  dependent  on  the  ap¬ 
proach  we  have  used.  The  criteria  are  general.  The  resulting 
optimum  configuration  based  upon  average  utility  design  may  not 
be  optimum  for  a  particular  location.  We  have  also  limited  the 
analysis  to  powered  shelters  because  the  CBR  filtering  require¬ 
ment  together  with  outside  environmental  design  conditions  ap¬ 
pears  to  preclude  the  use  of  manually  operated  ventilating  equip¬ 
ment.  Beyond  these  caveats,  we  caution  that  the  final  cost 
figures  developed  are  presented  only  for  comparison  purposes. 

They  are  not  actual  costs  to  be  expected  in  providing  environ¬ 
mental  control  systems. 

6.2  14  -  DAY  HEAT  TRANSFER 

This  part  of  the  study  effort  involves  the  determination 
of  performance  differences  between  various  shelter  shapes  and  sizes 
in  terms  of  heat  transfer  to  soil  over  a  l4-day  period. 

6.2.1  CONFIGURATIONS  CONSIDERED  FOR  STUDY 

Three  basic  configurations  were  considered,;  Rectangles, 
Arches,  and  Domes.  Each  type  of  configuration  has  three  sizes 
or  capacities:  100?  500?  and  1000-person.  A  "minimum' cross- 
section"  configuration  is  also  considered.  The  reason  this  was 
done  was  to  show  what  is  possible  at  the  upper  end  of  the  heat 
transfer  spectrum.  This  configuration,  which  we  have  termed 
"minimum, 11  is  minimum  in  the  sense  that  it  accommodates  2  side 
loaded  bunks  and  common  access  aisle.  This  cross-section  may  be 
arranged  in  many  plan  configurations.  We  chose  an  "H"  configura¬ 
tion  to  study  the  effects  of  heat  transfer  on  adjacent  structures. 
The  various  configurations  are  shown  on  Figures  6.1-6.10,  and  will 
be  referred  to  in  the  following  way : 


IR 

100-person 

rectangle 

IA 

100-person 

arch 

ID 

100-person 

dome 

HR 

500-person 

rectangle 

IIA 

500-person 

arch 

IID 

500-person 

dome 

IIIR 

1000-person 

rectangle 

IIIA 

1000-person 

arch 

IIID 

1000-person 

dome 

Minimum 

cross-section 

100-person  "H" 

The  three  arches  are  approximately  equal  in  length  and 
density  in  terms  of  area  per  person.  Configurations  IA  and  ID 
have  one  floor;  IIA  and  IID,  two  floors  and  IIIA  and  HID,  three 
floors.  The  rectangular  structures  are  single  floor  with  head- 
room  selected  to  accommodate  4- high  bunking. 

6.2.2  ASSUMPTIONS 


Among  the  several  assumptions  made,  are  the  following: 

1  -  Table  6.1  lists  the  characteristics  of  four  differ¬ 

ent  soils,  ranging  from  good  to  poor.  In  this  study 
a  normal  compact  silt  and  clay  soil  is  termed  a 
"poor"  soil  and  a  wet  compact  sandy  soil  is  referred 
to  as  a  "good"  soil.  These  two  extremes  represent 
a  range  of  possible  soils  that  might  be  found  In 
the  United  States.  (32) 

2  -  Three  soil  temperatures  were  used  in  the  study:  55*'Fj 

65°F  and  an  "actual"  soil  temperature.  55°P  is  ap¬ 
proximately  the  nation-wide  average  non-thermal  well- 
water  temperature.  (33)  65*?  was  selected  to  show 

the  effect  of  higher  temperature,  The  "actual"  soil 
temperature  is  the  highest  average  temperature  of 
Washington  D. C.  at  various  depths.  It  is  used  in 
the  numerical  approach  to  the  problem.  (See  Figure 
6.H) 

3  -  To  show  the  effect  of  concrete,  we  will  assume  an 

average  thickness  of  1'  and  a  thermal  conductivity 
of  12  BTU/Hr./Ft./P.  (21) 

4  -  Each  configuration- has  at  least  3r  of  earth  cover. 

5  -  Initial  shelter  temperature  equals  soil  temperature. 

6  -  Metabolic  rate  of  the  shelterees  is  500  BTU/Hr./ 

person,  consisting  of  latent  and  sensible  heat  whose 
relationship  is  given  in  Section  2,2.3  and  shown  on 
Figure  6,12, 

7  -  All  surfaces  transfer  heat  at  the  same  rate  and  the 

flow  of  heat  is  normal  to  the  walls.  Edge  and  end 
effects  are  neglected. 


TABLE  -  6.1 


Various  Solis  Considered  In  Heat  Transfer  Problem 

TYPES 

Silt  &  Clay 

1.  Normal  Compact  O.782  0.233  120 

2.  Wet  Compact  O.982  0.257  120 

Sandy  Soils 


3.  Normal  Compact 

1.66 

0.206 

140 

0.0575 

4.  Wet  Compact 

1.91 

0.218 

140 

0.0626 

Soil  #1  shall  be  referred  to  as  a  "Poor  Soil",  P.S." 

Soil  #4  shall  be  referred  to  as  a  "Good  Soil,  G.S." 

These  two  soils  will  be  compared  throughout  this  section  on  Heat 
Transfer.  ' 


0.020 

0.031 


THERMAL  (K) 
CONDUCTIVITY 

BTU/HR-FT-op 


SPECIFIC 
HEAT  (C) 
BTU/LB  -°F 


THERMAL 

DIFFUSIVITY 


LB/FT3 


Some  factors  which  Influence  heat  transfer  that  were  not 
considered  are : 

1  -  The  existance  of  entries  and  exits. 

2  -  Humidity. 

3  -  Weather  conditions. 

4  --  Unusual  soil  conditions. 

5  -  Ground  surface  conditions. 

6,2.3  METHOD  OF  APPROACH 


Two  methods  were  used  to  evaluate  the  14-day  heat  trans¬ 
fer  problem.  The  first  method  follows  the  technique  recommended 
by  the  Corps  of  Engineers.  (33)  Two  results  may  be  obtained  by 
using  this  method; 

1  -  The  average  heat  transferred  over  14  days  to  soils 

at  different  temperatures  (BTU/Hr, -Ft2 ) 

2  -  The  density  (Ft2  floor  space/persOn)  that  each  con¬ 

figuration  can  accommodate  to  keep  the  final  temper¬ 
ature  inside  the  configuration  at  some  assigned 
value. 

The  second  method  uses  a  numerical  approach  to  the  prob¬ 
lem.  The  reasons  for  using  this  method  are  as  follows; 

1  -  As  a  check  on  the  Corps  method. 

2  -  To  develop  a  time- temperature  soil  history. 

3  -  To  determine  a  distance- temperature  soil  relation¬ 

ship. 

The  numerical  approach  permits  these  conditions  to  be 
investigated.  Using  the  numerical  method  one  may  also  obtain  a 
Value  for  the  average  heat  transferred  over  14  days.  (BTU/Hr-Ft2 ) 
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PARAMETERS 


6.2.4 


K 

Thermal  Conductivity 

BTU/Hr-Ft- *F 

C 

Specific  Heat 

BTU/Lb-*F 

f 

Density 

Lb/Ft3 

A 

Total  Surface  Area  of  Configuration  Ft2 

m 

Length  of  Configuration 

Ft 

n 

Width  of  Configuration 

Ft 

a2=A/2irm 

Equivalent  Radius  of  Cylinder 

Ft 

a2-  (A/4 

'/* 

)-  Equivalent  Radius  of  Sphere 

Ft 

For  the  warmup  period: 

«1 

Temperature  difference  between 
initial  soil  temperature  and 
temperature  to  be  maintained 
in  the  configuration. 

°F 

t 

Time 

Hrs. 

P(l  or  2)' 

e  Kt/^ea2(q  or  2)j  where  Fl  cylinder. 

F2  sphere. 

f(Fl)  and 

f  (F2)  found  on  Figs.  6.13  and  6.14. 

IT' 

Coefficient  of  heat  transfer 
between  the  configuration  and 
the  soil. 

BTU/Hr- *F-Ft2 

q'=KOj^/af  (F)+K  Steady  Heat  input  to  Configuration  BTU/Hr-Ft2 
tJ' 

For 

the  Average  Heat  Transfer  Rate: 

N=aU«/K 

Values  for  f(F,N)  found  on  Figs. 
6.15  and  6„l6. 
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R  Factory  involving  the  ratio  of 

the  volume  of  heated  soil  around 
the  cylinder  or  sphere  to  that 
around  the  actual  configuration. 

(Figs.  6.17  and  6.18) 

q=f(F,N.)%U*/R  Soil  Heat  Absorption  Rate  BTU/Hr-Ft2 

6.2.5  OVERALL  TRANSFER  COEFFICIENT 

U*  is  an  extremely  important  constant  in  the  eval¬ 
uation  of  heat  transfer.  There  are  several  factors  that  affect 
TP*  These  will  be  investigated  in  this  Section. 

U>  is  determined  as  follows: 

1/U*  =  1/fi  +  xi/Ki  +  X2/K2  . ..+  xi/Ki^’ 

U*  is  the  total  coefficient  of  heat  transfer  through 
all  materials 

fi  is  the  film  coefficient  between  air  and  the  shelter 
wall  (concrete) 

xi  is  the  thickness  of  material  with  thermal  con¬ 
ductivity  Ki 

X2,  x3  .......  x±  refer  to  thickness  of  different 

materials  of  a  composite  wall,  each  having 

thermal  coefficients  K2,  K3 . . .  Kj_. 

The  coefficient,  U' ,  is  applicable  when  heat  is  transferred  from 
one  medium  to  another  through  a  barrier.  In  our  case  the  media 
are  air  inside  the  Configurations  and  the  soil  surrounding  them. 
In  our  case,  the  equation  for  U*  becomes 

l/TP  ■  l/f  j_  +  1/KC  +  l/Kg  =  Thermal  Conductivity  of 

concrete 

Ks  =  Thermal  Conductivity  of 
soil 

The  thickness  of  the  soil  and  concrete  is  assumed  to  be  1*. 


K  for  the  "good"  soil  is  1.91  BTU/Hr-Ft-*F 

K  for  the  "poor"  soil  is  O.782  BTU/Hr-Ft-*F 

The  film  coefficient,  f± ,  and  therefore  overall  coef¬ 
ficient,  is  somewhat  dependent  on  air  velocity.  This  relationship 
is  shown  on  Figures  6.19  and  6,20.  Within  the  range  of  air  vel¬ 
ocities  expected,  we  would  expect  very  little  effect. 

6,2.6  WARM-UP  PERIOD 

q5  is  the  steady  heat  input  required- to  raise  the  air 
temperature  to  a  desired  level  in  a  given  time.  In  our  mathema¬ 
tical  model  this  temperature  never  exceeds  100  °P  in  two  weeks. 
(336  Hrs. )  Surface  area  and  equivalent  radii  and  the  correspond¬ 
ing  R  values  were  found  for  the  various  Configurations,  q»f  (%) 
was  then  computed.  Knowing  the  total  and  the  heat  liberated,  it 
is  then  possible  to  compute  the  floor  area  per  person  for  various 
temperatures.  The  results  are  shown  on  Figures  6.21  -  6,40  in 
Appendix  C-l.  A  summary  comparison  is  shown  on  Figure  6.41. 

6V2 . 7  AVERAGE  TRANSFER  RATE 

The  average  transfer  rates  over  a  two- week  period  for 
the  various  configurations  were  computed.  Individual  results  are 
shown  on  Figures  6.42  -  6.51©  (Appendix  C-2)  and  a  summary  shown 
on  Figure  6.52. 

6.2.8  A  NUMERICAL  APPROACH 


The  problem  of  calculating  heat  transfer  over  a  14-day 
period  has  the  following  conditions  regardless  of  configuration: 

1  -  The  configuration  is  at  least  3*  below  ground  and 

Its  geometry  is  known. 

2  -  At  time  T-0  people  enter  and  remain  for  336  hours. 

3  -  The  Initial  soil  temperatures  are  as  shown  on 

Figures  6.1  -  6.10. 

4  -  Ihe  boundary  between  the  configuration  and  soil 

Is  known. 
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In  order  to  find  the  time- temperature  history  (i.e.  the 
temperature  at  any  distance  from  the  shelter  at  any  time)  it  is 
necessary  to  obtain  an  additional  boundary  condition  which  is  the 
distance  from  the  shelter  where  soil  temperature  does  not  change. 

A  scheme  developed  by  Schneider,  using  Gauss*  Integral  (34)  shows 
that  at  a  distance  of  18ft.  there  is:  less  than  1*F  change  of  tem¬ 
perature  at  the  end  of  2  weeks.  For  the  purposes  of  this  analysis, 
this  distance  is  sufficiently  accurate  for  use  as  a  boundary  con¬ 
dition. 


The  method  of  solution  involves  dividing  the  configura¬ 
tions  into  specific  soil  mass- temperature  segments  and  applying 
finite  differences.  (35)  Figure  6,53  shows  the  nomenclature  and 
the  grid  system  used  in  the  solution.  The  actual  numerical  solu¬ 
tions  are  not  presented  in  this  report.  Using  information  from 
these  solutions  the  quantity  of  heat  transferred  was  computed  as 
follows: 

4Q  =  KA  AT  At/Ax,  where 

.40,  =  quantity  of  heat  transferred  in  time  at  over  a 
distance  from  the  configuration  asc 

AT  ~  Change  in  temperature  over  any  increment,  ax 

at  =  Time  increment 

This  equation  is  usable  in  a  continuous  medium  such  as 
soil.  At  the  interface  of  wall  and  soil  the  equation  takes  the 
form.: 

Q  =  AU'AT&t,,  where  U1  is  the  overall  transfer  coefficient. 

Applying  these  equations  to  the  various  schemes  gives  the 
heat  absorbed  at  various  soil  temperatures  and  depths  and  a  value 
for  the  final  air  temperature  inside  the  shelters^  (Table  6,2). 

The  results  for  all  configurations  are  shown  on  Figures 
6.54  -  6,63  (Appendix  C~3)«  A  summary  Is  given  on  Figure  6.64. 

6,2.9  CONCLUSIONS 


Within  the  limitations  specifically  imposed  by  the  nature 
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TABLE  -6.2 


Heat  Absorbed  Per  Square  Poot  of  Wall  Surface 

After  l4  Lays 
(BTU) 


SOIL 
Temp . -F 

CONDITIONS 

95F 

INSIDE 

85F  INSIDE 

75F  INSIDE 

Depth-Ft . 

G .  S 

*  P.S.* 

G.S. 

P.S. 

gtst^ 

P.S. 

55 

3 

519 

62 

65 

3 

38? 

46 

Actual 

3 

440 

52 

310 

261 

180 

93 

65 

8 

1356 

1060 

900 

709 

451 

355 

55 

10 

2170 

1397 

55 

18 

2562 

1520 

1943 

1157 

1201 

770 

60 

18 

2262 

1300 

1615 

964  . 

954 

592 

65 

18 

1934 

1152 

Actual 

18 

2621 

1436 

*  G.S.  =  Good  Soil;  P.S.  =  Poor  Soil 
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of  this  study,  the  following  general  statements  can  be  made. 

1  -  Heat  transfer  calculations  using  the  Corps  of 

Engineers  method  will  give  results  up  to  2 
times  greater  than  those  obtained  from  a 
numerical  solution,  depending  on  the  configu¬ 
ration  and  soil  conditions.  This  difference 
is  greatest  for  the  smaller  configurations 
and  least  for  the  larger  ones. 

2  Using  conservative  heat  transfer  rates,  an 
order -of' -magnitude  comparison  of  the  beneficial 
effects  among  the  various  configurations  se¬ 
lected  for  study  is  as  follows: 


RATING 

CONFIGURATION 

AVERAGE  HEAT  TRANSFER 
BTU/HR/PERSON  + 

PERCENT  OF 
TOTAL  HEAT 

*  1 

Min.  Cross-Section 

150 

30 

1 

100-Maa 

Arch 

150 

30 

3 

100-Man 

Dome 

125 

25 

4 

100-Man 

Rectangle 

100 

20 

5 

500-Man 

Arch 

80 

16 

5 

500-Man 

Dome 

80 

16 

7 

500-Man 

Rectangle 

75 

15 

8 

1,000-Man 

Rectangle 

70 

14 

9 

1 , 000-Man 

Dome 

60 

12 

10 

1,000-Man 

Arch 

55 

11 

3  -  Wet,  sandy,  compact  soils  will  allow  heat  transfer 

rates  of  up  to  2  times  greater  than  dry,  silt  and 
clay,  normally  compacted  soils. 

4  -  Under  the  best  soil  conditions,  soil  temperatures 

would  not  be  expected  to  rise  at  a  distance  greater 


+  Average  between  results  .for  good  and  poor  soil  conditions. 

*  Taken  at  500  BTIO/Hr/Person.  Although  the  shelter  walls  will 
reject  sensible  heat  only,  it  may  be  possible  to  fully  utilise 
the  heat  dissipation  capability  through  the  use  of  devices  which 
will  convert  latent  to  sensible  heat  or  by  condensation  on  the 
shelter  walls. 
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than  20’  from  the  shelter  wall.  Approximately  85$ 
of  total  heat  transfer  would  occur  within  a  distance 
of  10'  of  the  shelter  wall. 

5  -  For  single- story  rectangular  configurations  an  in¬ 

crease  in  soil  Cover  from  3  feet  to  18  feet  will 
result  in  as  much  as  a  45^  increase  in  heat  transfer. 
For  other  configurations  this  effect  is  less, 

6  -  Over  a  fixed  time  period*  a  decrease  in  metabolic 

heat  rate  will  result  in  a  proportionate  increase  in 
the  fraction  of  heat  transferred  through  the  shelter 
walls, 

7  -  An  increase  in  average  soil  temperature  from  55F  to 

65Fwill  result  in  a  heat  transfer  decrease  of  30  to 

45^. 

6.3  MECHANICAL- ELECTRICAL  PACKAGES 

The  purpose  of  this  phase  of  the  study  is  to  determine 
the  effects  of  environmental  control  systems  on  shelter  configura¬ 
tion.  Although  it  was  necessary  to  do- some  extensive  design  com¬ 
putations  in  order  to  select  equipment*  this  is  not  a  comprehen¬ 
sive  system  study. 

6.3.1  ENVIRONMENTAL  CONTROL  METHODS 

Beyond  providing  -minimum  outside  air  for  ventilation* 
there  is  a  requirement  to  dissipate  Internally  generated  heat. 

Some  of  the  ways  this  might  be  done  are: 

1  -  Straight  outside  air-- sufficient  outside  air  is 

supplied  to  the  shelter  to  maintain  the  desired 
effective  temperature. 

2  -  Well-water  cooling— return  air  from  the  shelter  is 

cooled  and  dehumidified  by  water  coils, then  mixed 
with  a  minimum  of  outside  air,  and  the  mixture  then 
supplied  to  the  shelter. 

3  -  Refrigerant  cooling — as  in  (2)' above,  except  return 

air  is  cooled  and  dehumidified  by  direct  expansion 
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(DX)  colls.  Condenser  might  be  air-cooled  or  water- 
cooled. 

4  -  Chemical  dehumidification — This  method  converts 

latent  heat  to  sensible  heat.  It  is  not  exactly  a 
heat  dissipation  scheme. 

5  -  Underground  pipes  and  heat  sinks. 

In  the  following  study,  we  will  investigate  methods  1, 

2  and  3. 

6.3.2  PSYCHROMETRICS  OF  'THE  SELECTED  METHODS 

Psychrometrics  for  each  of  the  above  methods  were  cal¬ 
culated  on  the  basis  of  no  heat  transfer  through  the  shelter  walls 
and  on  the  basis  of  using  maximum  heat  transfer  as  obtained  from 
results  of  the  previous  section.  Presumably  this  will  cover  the 
range  of  effects  of  heat  transfer  on  the  cost  and  performance  of 
the  environmental  control  systems.  Using  the  basic  criteria  as 
described  in  Section  2,2.3,  estimated  heat  outputs  which  must  be 
dissipated  by  any  system  over  a  variety  of  temperatures  are  shown 
in  Table  6.3.  Using  these  figures,  we  have  graphically  described 
the  psychrometrics  on  Figures  6.65  through  6.68.  From  these  we 
have  calculated  quantities  based  on  the  following: 

Case  I  -  Ventilation  only,  no  heat  transfer--30  cubic 
feet  of  outside  air  per  minute  per  person  re¬ 
quired  to  maintain  85°F  E.T. 

Case  II  -Well-water  cooling,  no  heat  transfer — with  15 
cfm  supply  including  3  cfm  of  outside  air  and 
assuming  a  15°F  water  temperature  rise,  the 
system  requires  4.8  gallons  of  water  per  hour 
per  person. 

Case  III  -  Refrigerant  cooling,  no  heat  transfer- -with 

air  quantities  as  in  Case  II,  0.045’ tons  of  re¬ 
frigeration  are  required  per  person. 

Case  IV  -Ventilation  only,  including  maximum  heat  trans¬ 
fer— 15  cfm  per  person  of  outside  air  will  main¬ 
tain  85 *F  E.T. 
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TABLE  6. 


Case  V  -  Well-water  cooling,  including  maximum  heat 
transfer--with  air  quantities  as  in  Case  II, 

Water  requirements  are  3.6  gallons  per  hour 

per  person. 

Case  VI  -Refrigerant  cooling,  including  maximum  heat 
transfer — with  air  quantities  as  in  Case  II, 

0.025  tons  of  refrigeration  are  required  per 
person. 

With  this  information,  it  is  possible  to  size  and  assemble  the 
various  equipment  required  into  individual  packages  and  determine 
their  costs  and  cost  differences. 

6.3.3  SELECTION  OF  EQUIPMENT  PACKAGES 

Mechanical-electrical  equipment  packages  were  divided  into 
units  of  100,  250  and  500.  In  general, this  was  done  to  coincide 
with  the  capacity  of  the  entrance  units  since  it  seemed  preferable 
to  use  entrances  as  intake  air  plenums  and  because  there  was  a 
possibility  that  the  optimum  location  for  the  equipment  would  be 
within  the  entrance  passageway.  Smaller  packages  also  allows  for 
easier  movement  and  installation  and  will  provide  for  greater 
flexibility  and,  perhaps,  reliability. 

General  information  concerning  the  selection  of  equip¬ 
ment  for  the  various  packages  Is  as  follows: 

1  -  Fan-- Conventional  centrifugal  fan  with  direct  drive, 

constant  speed  (2- speed  for  the  ventilation  only 
case)  motor  with  inlet  vane  control-.  Horsepower 
requirements  are  based  on  a  63$  fan-motor  efficiency 
at  a  static  pressure  of  5  Inches  of  water, 

2  -  Filters — U.S.  Army  Chemical  Corps  type  CBR  filters 

including  prefilters. 

3  -  Electric  generating  plant- -Standard  gasoline  powered 

packaged  units,  air-cooled  with  sizes  up  to  15  KW 
and  water-cooled  with  radiators  above  15  KW.  All 
generators  are  battery  started;  sizes  below  15  KW 
can  also  be  manually  started.  System  includes  a 
fuel  tank  with  sufficient  capacity  for  14  days. 


This  tank  is  assumed  to  be  buried  alongside 
the  shelter.  A  typical  electrical  system  is 
shown  on  Figure  6.6 9. 

4  -  Well-water  cooling  equipment- -Vertical ,  sub¬ 

merged  turbine-type  pump  with  direct-drive 
motor  mounted  in  a  4"  casing.  Well  depth  is  taken 
at  200  feet.  Pump  supplies  water  to  standard 
cooling  coils  mounted  in  a  return  air  duct. 

5  -  Refrigerant  cooling  equipment- -Refrigerant  compres¬ 

sor,  direct  expansion  coil  and  air-cooled  condenser. 
Arrangement  Includes  base-mounted  reciprocating  com¬ 
pressor  (using  refrigerant  R  12  or  R  22),  with  a 
direct-dx’ive  suction-gas-cooled  electric  motor  and 
a  receiver.  Direct  expansion  colls  are  located  in 
a  return  air  duct.  A  remote  mounted  condenser  is 
cooled  by  unfiltered  air  supplied  by  a  direct-drive 
axial  fan. 

Other  equipment  such- as  ductwork,  dampers  and  controls, 
intake  and  exhaust  connections,  blast  closures,  piping,  supports 
and  partitions  have  been  included  as  required.  Exhaust  air  at 
3  cfm  per  person  is  assumed  to  exit  past  the  toilet  area. 

6.3.4  EQUIPMENT  ARRANGEMENTS 

In  arranging  the  various- equipment  into  packages,  we 
had  two  objectives  in  mind.  First,  to  determine • space  requirements 
and  secondly,  to  determine  optimum  location  (i.e,  Inside  or  outside 
the  shelter).  To  reduce  the  number  of  possible  combinations,  space 
requirements  have  been  allocated  such  that  any  of  the  three  basic 
systems  could  be  accommodated.  Composite  layouts  were  completed 
for  the  three  package  sizes,  located  as  follows; 

In  a  circular  entrance  section  (Fig.  6.70) 

In  a  rectangular  entrance  section  (Fig.  6,71) 

Inside  the  shelter  (Fig.  6.72) 

In  preparing  these  layouts,  the  CBR  filters. were  always  shielded 
and/or  located  to  prevent  radiation  streaming. 

Having  established  approximate  areas  and  section  lengths, 
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it  is  now  possible  to  cost-compare  the  arrangements  and  determine 
an  optimum.  The  following  analysis  includes  only  those  items 
directly  chargeable  to  the  packages.  The  cost  of  interior- shelter 
area  used  is  roughly  typical  of  the  optimum  configurations. 

Circular  Pipe  (Corrugated  Steel)  Section  Entrance 

100-man  unit  -  25*  of  8*  dia.  pipe  @  $  62  »  $1550 

250-man  unit  -  27 >  of  91  dia.  pipe  @  $,76  2050 

500-man  unit  -  35'  of 12*  dia.  pipe  @  $l4o  =  4900 


Rectangular  Section  Entrance 


100-man  unit  - 

25' 

of 

8* 

X 

6' -6" 

cone. 

sect.  @ 

$37 

*  $  925 

250-man  unit  - 

27 ' 

of 

9» 

X 

6»-6" 

cone. 

sect;  @ 

$4o 

-  1080 

500-man  unit  - 

35 » 

of 

12 » 

X 

6*-6" 

cone. 

sect.  @ 

$65 

■  2275 

Interior  package 

Inside  Cost  +  Outside  Cost  +  Entrance  Section 

100-man  unit  -  49  sq.ft.  @  $8  +  $265  +  8.5*  @  $22  =  $  84-5 

250-man  unit  -  64  sq.ft.  @  $7  +  $355  +  9*  @  $22  -  1000 

500-man  unit  -  81  sq.ft.  @  $6.50  +  $665  +  12'  @  $28  =  1528 

Within  the .i, limitations  of  this  analysis,  we  may  conclude 
that  mechanical- electrical  packages  are  optimumly  located  Inside 
the  shelter  proper. 

6.3.5  PACKAGE  COSTS 


Cost  estimates  for  the  various  packages  are  given  in 
Tables  6.4  through  6.10.  These  costs  are  presented  for  compar¬ 
ison  purposes  only.  Overhead,  contingencies  and  contractors' 
profits  are  not  Included. 

6.3.6  CONCLUSIONS 

Within  the  limits  of  this  investigation,  the  following 
statements  can  be  made: 

1  -  Designs  based  on  cooling  with  outside  air  only  tend 
to  be  most  expensive  if  there  is  a  requirement  fdr 

(  text  continued  on  page  129) 
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TABLE  6.4 


CASE  I 


VENT  ONLY 


Package  Costs 
(Without  Heat  Transfer) 

100-Person  Unit 


CASE  II  WELL-WATER 
COOLING 

CASE  III  REFRIG. 

COOLING 


CASE  I 

CASE  II 

CASE  III 

(A)  Vent  Fan  -  3000  CFM 

400 

— 

_ 

(B)  Vent  &  Recirc .  Fan  -  1500  CFM 

' 

320 

320 

(C)  C.B.R.  &  Prefilter  -  3000  CFM 

4,280 

— 

— 

(D)  C.B.R.  &  Prefilter  -  300  CFM 

— 

400  ■ 

— 

(E)  Well-water  Pump  -  S.g.p.m. 

2,260 

(F)  Well-water  Coll  -  18"  x  24"  x  6  rows 

— 

310 

— 

(G)  Refrig.  Comp.  &  A/C  Cond.  -  4.5  Tons 

— 

— 

1,970 

(H)  D.X.  Coll  -  18"  x  24"  x  4.  rows 

— 

— 

170 

(I)  Engine  Generator  Set  -  7.5  KW 

— 

2,200 

— 

(j)  Engine  Generator  Set  -  15  KW 

3,500 

— 

3,500 

(K)  Fuel  Tank  -  14  Day 

400 

300 

400 

(L)  Lights,  conduit  and  motor  controls 

890 

860 

970 

(M)  Ducts,  Piping,  Supports  and  Partitions 

730 

650 

770 

TOTAL 

$10,200 

$  7,300 

$  8,500 

Cost  per  person 

$  102 

$  73 

$  85 

Blast  Closures  35  or  60  psi 

8 

2 

6 

Cost  per  person 

$  110 

$  75 

$  91 
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TABLE  6.3 

CASE 

I 

VENT  ONLY 

Package  Costs 

CASE 

II 

.WELL-WATER 

(Without  Heat  Transfer) 

COOLING 

CASE 

III 

REPRIG . 

250-Person  Unit 

COOLING 

CASE  I 

CASE 

II 

CASE  III 

(A)  Vent  Fan  -  7500  CFM 

770 

— 

— 

(B)  Vent  &  Reclrc .  Fan  -  3750  CFM 

— 

480 

480 

(C)  C.B.R.  &  Prefilter  -  7500  CFM 

6,560 

— 

— 

(D)  C.B.R.  &  Prefilter  -  750  CFM 

— 

1,300 

1,300 

(E)  Well-Water  Pump  -  20  g.p.m. 

— 

2,460 

— 

(F)  Well-Water  Coil  -  24"  x  30"  x  6  rows 

— 

440 

(G)  Refrig.  Comp.  &  A/C  Cond.  -  10  Tons 

— 

3,370 

(H)  D.X.  Coil  -  24"  x  30"  x  4  rows 

— 

— 

290 

(I)  Engine  Generator  Set. -  15  KW 

— 

3,500 

— 

(j)  Engine  Generator  Set  -  25  KW 

3,900 

— 

3,900 

(K)  Fuel  Tank  -  14  Day 

450 

4oo 

450 

(L)  Lights,  conduit  and  motor  controls 

1,570 

l,3io 

1,610 

(M)  Ducts,  Piping,  Supports  and  Partitions 

1,250 

1,245 

1,100 

TOTAL 

$14,500 

$11,000 

$12,500 

Cost  per  person 

-O** 

VJl 

00 

$  44 

$  50 

Blast  Closures  35  or  60  psi 

8 

2 

6 

Cost  per  person 

$  66 

$  46 

$  56 
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TABLE  6.6 

CASE 

I 

VENT  ONLY 

Package  Costs 

(Without  Heat  Transfer) 

CASE 

II 

WELL-WATER 

COOLING 

CASE 

III 

REPRIG . 

500-Person  Unit 

COOLING 

CASE  I 

CASE 

II 

CASE  III 

(A)  Vent  Pan  -  15000  CFM 

1,250 

— 

— 

(B)  Vent  &  Reclrc.  Fan  -  7500  CPM 

— 

770 

770 

(C)  C.B.R.  &  Prefilter  -  15000  CPM 

13,000 

— 

— 

(D)  C.B.R.  &  Prefilter  -  1500  CFM 

— 

2,640 

2,640 

(E)  Well-Water  Pump  -  40  g.p.m. 

— 

2,740 

— - 

(F)  Well-Water  Coll  -  30"  x  42"  x  6  rows 

— 

700 

— 

(G)  Ref rig.  Comp.  &  A/C  Cond.  -  2  x  10  Tone 

— 

— 

6,490 

(H)  D.X.  Coil  -  30"  x  42"  x  6  rows 

520 

(I)  Engine  Generator  Set  -  25  K.W. 

— 

3,900 

— 

(j)  Engine  Generator  Set  -  40  K.W. 

4,800 

— 

4,800 

(K)  Fuel  Tank  -  14  Day 

600 

500 

600 

(L)  Lights,  conduit  and  motor  controls 

2,400 

1,950 

2,400 

(M)  Ducts,  Piping,  Supports  and  Partitions 

1,950 

.  1,800 

1,720 

TOTAL 

$24, 000 

$15,000 

$20, 000 

Cost  per  person 

$  48 

$  30 

$  40 

Blast  Closures  35  or  60  psi 

8 

2 

6 

Cost  per  person 

$  56 

$  32 

$  46 
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TABLE  6.7 


Package  Costs 
(Including  Heat  Transfer) 
100-Person  Unit 


CASE 

IV 

VENT  ONLY 

CASE 

V 

WELL-WATER 

COOLING 

CASE 

VI 

REPRIG. 

COOLING 

CASE  IV 

CASE  V 

CASE  VI 

(A) 

Vent  Fan  -  1500  CFM 

320 

— 

— 

(B) 

Vent  &  Recirc.  Fan  -  1500  CFM 

— 

320 

320 

(c) 

C.B.R.  &  Prefilter  -  1500  CFM 

2,640 

- — 

— 

(D) 

C.B.R.  &  Prefilter  -  300  CFM 

— 

400 

400 

(E) 

Well-Water  Pump  -  6  g.p.m. 

— 

2,230 

— 

(F) 

Well-Water  Coil  -  18"  x  24"  x  4  rows 

— 

280 

— 

(o) 

Refrig.  Comp.  &  A/C  Cond.  -  2.5  Tons 

— 

1,520 

(H) 

D.X.  Coil  -  18"  x  24"  x  2  rows 

— 

130 

(I) 

Engine  Generator  Set  -  7.5  K.W. 

2,200 

2,200 

— 

(J) 

Engine  Generator  Set  -  10  K.W. 

— 

— 

2,900 

(K) 

Fuel  Tank  -  14  Day 

300 

300 

350 

(L) 

Lights,  conduit  and  motor  controls 

84o 

860 

900 

(M) 

Ducts,  Piping,  Supports  and  Partitions 

700 

610 

0 

CO 

N_ 

TOTAL 

$7,000 

'$7,200 

$7,300 

Cost  per  person 

$  70 

$ .  72 

$  73 

Blast  Closures  35  or  60  psi 

4 

2 

5 

Cost  per  person 

$  74 

$  74 

$  78 
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CASE  IV  VENT  ONLY 

CASE  V  WELL-WATER 
COOLING 

CASE  VI  REPRIG. 

COOLING 


(A)  Vent  Fan  -  3750  CFM 

(B)  Vent  &  Recirc.  Fan  -  3750  CFM 

(C.)  C.B.R.  &  Prefilter  -  3750  CFM 

(D)  C.B.R.  &  Prefilter  -  750  CFM 

(E)  Well-Water'  Pump  -  15  g.p.m. 

(F)  Well-Water  Coil  -  24"  x  30"  x  4  rows 

(G)  Refrig.  Comp.  &  A/C  Cond.  -  Tons 

(H)  D.X.  Coil  -  24"  x  30"  x  2  rows 

(i)  Engine  Generator  Set  -  15  K.W. 

(j)  Engine  Generator  Set  -  25  K.W. 

(K)  Fuel  Tank  -  14  Day 

(L)  Lights,  conduit  and  motor  controls 

(M)  Ducts ,  Piping,  Supports  and  Partitions 

TOTAL 

Cost  per  person 
Blast  Closures  35  or  60  psi 
Cost  per  person 


CASE  IV  CASE  V  CASE  VI 


TABLE  6.8 

Package  Costs 
(including  Heat  Transfer) 
250-Person  Unit 
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TABLE  6.9 

CASE  IV 

VENT  ONLY 

Package  Costs 

(including  Heat  Transfer) 

500-Person  Unit 

CASE  IV 

CASE  V 

CASE  VI 

CASE  V 

WELL-WATER 

COOLING 

REFRIG. 

COOLING 

CASE  VI 

(A) 

■ 

Vent  Fan  -  7500  CFM 

770 

— 

(B) 

Vent  &  Recirc.  Fan  -  7500  CFM 

, 

770 

770 

(C) 

C.B.R.  &  Prefilter  -  7500  CFM 

6,500 

— 

— 

(D) 

C.B.R.  &  Prefilter  -  1500  CFM 

— 

2,640 

2,640 

(E) 

Well-Water  Pump  -  30  g.p.m. 

2,600 

— 

(F) 

Well-Water  Coil  -  30"  x  42"  x  4  rows 

600 

(0) 

Refrig .  Comp.  &  A/C  Cond.  -  13  Tons 

— 

— 

5,140 

(H) 

D.X.  Coil  -  30"  x  42"  x  2  rows 

420 

(I) 

Engine  Generator  Set  -  25  K.W. 

3,900 

3,900 

3,900 

(J) 

Engine  Generator  Set  -  - 

— 

— 

— 

(K) 

Fuel  Tank  -  14  Day 

450 

450 

450 

(L) 

Lights,  conduit  and  motor  controls 

2,020 

1,950 

2,310 

(M) 

Ducts,  Piping,  Supports  and  Partitions 

1,800 

1,590 

1,870 

TOTAL 

$15,500 

$14, 500 

$17,500 

Cost  per  person 

$  31  . 

$  29 

$  35 

Blast  Closures  35  or  60  psi 

4 

2 

4. 

Cost  per  person 

$  35. 

$  31 

$  39 
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TABLE  6.10 


Summary  of  Package  Costs 
(Dollars  per  person) 
WITHOUT 


WITH  MAXIMUM 


CASE 

"'"Cade 

TSBSF" 

“CASE" ' 

CASE 

I 

11 

III 

IV 

V 

VI 

100-PERSON  UNIT 

Witho\rt  Blast  Closures 

102 

73 

85 

70 

72 

73 

With  Blast  Closures 

110 

75 

91 

74 

74 

78 

250-PERSON  UNIT 

Without  Blast  Closures 

58 

44 

50 

■  43 

43 

47 

With  Blast  Closures 

66 

46 

56 

47 

45 

51 

500-PERSON  UNIT 

Without  Blast  Closures 

48 

30 

4o 

31 

29 

35 

With  Blast  Closures 

56 

32 

46 

35 

31 

39 

CASES  I  &  IV 

OUTSIDE 

AIR 

COOLING 

CASES  II  &  V  -  WELL-WATER  COOLING 
CASES  III  &  VI  -  REFRIGERANT  COOLING- 
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CBR  filtering.  Without  this  feature,  such  designs 
will  be  least  expensive. 

2  -  With  the  filtering  requirement,  well-water  cooled 

systems  will  result  in  least  cost.  Such  systems 
also  have  least  reliance  on  outside  connections 
and  are  less  cost- sensitive  to  overpressure  criteria. 

3  -  Heat  transfer  through  the  shelter  walls  has  most 

effect  on  outside-air  cooled  shelters  and  almost  no 
effect  on  water-cooled  shelters. 

4  -  On  a  per-capita  basis,  environmental  control  cost 

for  a  500-person  unit  is  approximately  one-half  that 
of  a  100-person  unit  for  the  same  type  of  system. 

5  -  For  the  arrangements  Considered,  the  optimum  location 

(cost- wise)  for  mechanical -electrical  equipment  is 
within  the  shelter  proper. 

6,4  THE  24-HOUR  CLOSURE  PROBLEM 


In  this  section  we  will  consider  closure  requirements  as 
they  influence  the  heat  transfer  performance  of  the  various  shelter 
shapes, 

6.4.!  SOLUTIONS  TO  THE  0o  -  COp  PROBLEM 

Table  6.11  lists  some  materials  which  can  absorb  C02  and/ 
or  provide  oxygen.  For  the  purposes  of  this  analysis,  two  systems 
have  been  selected  for  study.  They  are: 

1  -  Bottled  oxygen  and  Baralyme,  (See  Figure  6,73) 

2  -  Chlorate  candles  and  Lithium  Hydroxide.  (See  Figure  6.74) 

The  first  system  adds  about  44  BTU/HR/Person  to  the  shelter  heat 
load  and  the  second  system  adds  about  197  BTFU/HR/Person. 

Two  ways  that  CO2  absorbents  such  as  Baralyme  or  Li OH 
might  be  used  are  shown  bn  Figures  6.75  and  6.76.  The  first  method 
uses  ordinary  window  screen  on  which  the  material  is  spread.  The 
second  is  a  cannister  arrangement  with  an  integral  electric  fan. 

If  power  is  not  available  during  closure,  this  system  might  be  ar- 


TABLE  6.11 
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O  W  fe 

w 

H  t> 
t-Q  O 


fi  PQ 
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w  S 

A  EH  £H  I 
<x!  <t:  2s 

eh  w 

o  K  w  s 
EH  pq\ 
M  A 


QfQ 
Eh  wq 
2  Eh\ 
W  Eh  <E  O 
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<  W  W 
A  w  pq  i 
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ranged  for  manual  operation. 

A  typical  bottled-oxygen  supply  system  Is  shown  on  Figure 
6.77.  Approximately  one  standard  bottle  is  required  per  10  shelterees. 
Chlorate  candles  are  usually  burned  in  a  specially  designed  "furnace." 
At  least  one  firm*  is  manufacturing  chlorate  ffaDdlAJt;j!l#i‘  Civil  De¬ 
fense  use  and  developing  a  low-cost  furnace. 

Additional  data  concerning  Oo  -  CO2  systems  can  be  found 
in  References  1,  2,  6 ,  8 ,  9,  12,  17,  1§  and  19. 

6.4.2  ASSUMPTIONS 

In  order  to  simplify  the  heat  transfer  problem,  we  have 
made  the  following  assumptions; 

1  -  Soil  and  shelter  temperatures  are  initially  equal. 

2  -  Heat  is  equally  transferred  to  all  surfaces. 

3  -  Configurations  are  semi- Infinite  slabs,  surrounded 

by  sufficient  soil  to  absorb  all  heat. 

6.4.3  PROCEDURES 

Temperatures  after  24  hours  were  calculated  for  "good" 
and  "poor"  soils  and  for  each  of  the  02  -  CO2  systems.  Total  heat 
input  was  changed  by  4  100  BTU/HR/Person  to  determine  the  influence 
of  variations  in  metabolic  rate. 

The  method  of  solution  involves  a  numerical  approach  using 
finite  differences.  (See  Appendix  D  of  Reference  1. ) 

6.4.4  RESULTS 

Table  6,12  lists  the  calculated  step  functions  and  final 
air  temperatures  for  the  various  configurations  and  Table  6.13  shows 
the  effect  of  metabolic  rate  on  final  air  temperature.  These  com¬ 
puted  values  were  based  on  an  initial  temperature  of  55F.  If  this 
should  change  by  some  value  aT,  the  final  air  temperature  can  be 

(text  continued  on  page  134) 

*  Maywood  Chemical  Company,  Maywood,  New  Jersey 
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TABLE  6.12 


STEP  FUNCTION  f(T)  AND  FINAL  TEMPERATURE  INSIDE 
CONFIGURATIONS  AFTER  2-4  HOURS 


(Constant  Heat  Input) 


Step  - 

Function  F 

Temp.  Inside  Shelter 
After  24  Hrs.  -  F 

Ba  + 

°2 

LiOH  +  Candles 

Ba  +  Og  | 

LiOH  +  C 

andles 

Config. 

'mm 

P.S. 

G.S. 

P.S. 

G.S.. 

P.S. 

G.S. 

rai 

IR 

14.78 

21.42 

18.90 

27.5 

94.48 

118.2S 

105.7 

136.0 

IA 

11.50 

16.72 

14.78 

21.42 

85.90 

104.62 

94. 7£ 

118.62 

ID 

13.95 

20.30 

17.86 

26.0 

92.55 

115.10 

103.16 

132.0 

IH  * 

11.10 

16.10 

14.15 

20.6 

84.60 

102.3 

92.85 

115.6 

II  R 

18.45 

26.80 

23.6 

34.3 

104.35 

133.28 

118.2 

156.3 

II  A 

24.70 

35.80 

31.6 

46.0 

120.90 

160.5 

139.5 

190.5 

II  D 

27.30 

39.60 

34.9 

50.8 

128.0 

171.9 

148.5 

204.5 

III  R 

19.26 

27.90 

24.5 

35.7 

106.5 

137.4 

.121.1 

160.7 

III  A 

32.40 

48.50 

42.7 

62.0 

142.4 

198.0 

169.5 

238.0 

III  D 

35.20 

51.00 

45.0 

65.3 

149.4 

205.3 

176.0 

248.3 

*  Minimum  Rectangular  Cross-section 


TABLE  6.13 


EFFECT  OF  ACTIVITY  ON  FINAL  AIR  TEMPERATURE 
BARALYME  AND  BOTTLED  OXYGEN  -  GOOD  SOIL  @  55F 

(Constant  Heat  Input) 


CONFIGURATION 

-100  BTU/HR(444) 

544BTU/HR 

+100  BTU/HR(644) 

I  R 

87.25 

94.48 

100.05 

I  A 

80.20 

85.90 

90.35 

I  D 

85.69 

92.55 

97.95 

I  H 

79.15 

84.60 

39,90 

II  R 

95.25 

104.35 

111.40 

II  A 

108.70 

120.90 

130.30 

II  D 

114.60 

128.0 

138.40 

III  R 

97.10 

106.5  .  ' 

113.90 

III  A 

126.80 

142.4 

156.0 

III  D 

131.80 

149.4 

162.8 

closely  approximated  by  adding  aT. 

The  results  of  the  time- temperature  solutions  are  graph¬ 
ically  shown  on  Figures  6.78  -  6.80.  It  is  noted  that  some  temp¬ 
eratures  calculated  are  well  beyond  survivability  limits.  We  do 
not  suggest  that  such  temperatures  could  ever  be  reached. 

We  also  note  that  for  configurations  where  survivability 
is  possible,  shelter  temperatures  rise  sharply  after  closure  and 
thereafter  increase  very  slowly.  Because  of  this  and  the  many 
uncertainties  involved,  it  seems  reasonable  to  allow  a  margin 
of  safety  for  planning  purposes.  That  is,  maximum  -closure  temp¬ 
erature  might  be  set  at  -85F*  instead  of  90F.  The  question  may 
arise  then  as  to  the  requirements  to  maintain  this  temperature. 
Assuming  500/BTU/HR/Person  and  using  a  Baralyme-Bottled  Oxygen 
system,  we  found  that  approximately  32  sq.  ft.  of  wall  surface 
per  person  is  required  with  "good"  soil  at  55F  and  approximately 
53  sq.  ft.  of  wall  stirface  per  person  is  required  with  "poor"  Soil 
at  55F.  • 

6.4.5  CONCLUSIONS 

Within  the  limitations  of  the  assumptions  and  methods 
used,  we  can  conclude  the  followings 

1  -  There  is  a  Significant  performance  difference 

between  using  Bottled  Oxygen  and  Baralyme  and  using 
Chlorate  Candles  and  Lithium  Hydroxide.  For  some 
configurations  the  increased  heat  load  inherent  in 
the  latter  system  may  result  in  marginal  survival 
bility. 

2  -  The  various  configurations  can  be  rated  in  terms  of 

maximum  closure  performance  as  follows: 

Rating  Configuration 

1  Minimum  Rectangular  Cross-Section 

2  100-person  Arch 

*  Dry  bulb  or  effective  since  the  relative  humidity  will  probably 
be  close  to  100$. 
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Rating  Configuration 


3 

100-person 

Dome 

4 

100-person 

Rectangle 

5 

500-person 

Rectangle 

6 

1000-person 

Rectangle 

7 

500-person 

Arch 

8 

500-person 

.Dome 

9 

1000-person 

Arch 

10 

1000-person 

Dome 

Ratings  in  terms  of  closure  time  for  optimum  conflgura 
tions  are  given  in  Section  7» 

3  -  l£  a  minimum  cross-section  configuration  is  not 
used  or  the  configuration  has  less  than  about 
35  square  feet  to  wall  surface  per  person  or  the 
soil  conditions  are  not  ideal,  some  other  means 
must  be  available  for  heat  dissipation  for  a 
24-hour  closure  period.  Otherwise,  the  allowable 
closure  time  shortens. 

(text  continued  on  page  176.) 
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I  0  0  MAN  RECTANGULAR  CONFIGURATION 

f.  M'lMra-mr  ■  -fplfce.V. ».«,„(■„!,! „IK, . , 

8  0  5  :  3-0",  "ACTUAL!’  SOIL  TEMPERATURE 

8  32  :  l8'-0!’,  SOIL  TEMPERATURE  60°  F' 
8  05  !8’-0",  SOIL  TEMPERATURE  5  5°  F 


24  4  2  SQ.FT.  TOTAL  AREA 


100  MAN  ARCH  CONFIGURATION  -  X 

1448  s  l8'-0",  SOIL  TEMPERATURE  5  5°F 

510  «  18' -d',  SOIL  TEMPERATURE  60°F 

838'.  8'- 0",  SOIL  TEMPERATURE  6  5°F 

417  :  3' -  0", "ACTUAL"  SOIL  TEMPERATURE 

3  213  SQ.FT.  TOTAL  AREA 
FIG.  6.2 
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25  60  SQ.FT.  TOTAL  AREA 


A-A 


5  00  MAN  RECTANGULAR  CONFIGURATION 
n  R 

3  9  7  0  •  3’-0",  "ACTUAL”  SOIL  TEMPERATURE 

18  4  2=  l8'-0",  SOIL  TEMPERATURE  60°  F 
3  9  7  0  :  I  8’-0",  SOIL  TEMPERATURE  5  5  °F 

9  7  8  2  SQ.FT.  TOTAL  AREA 
FIG.  6.4 
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DEPTH 

FT. 


C; 


500 

MAN  ARCH  CONFIGURATION 

—  ha 

4080 

1 8'-0",  SOIL  TEMPERATURE 

55°  F 

1  5  35 

:  !8'-0",  SOIL  TEMPERATURE 

60°  F 

1  065 

:  8'-0",  SOIL  TEMPERATURE 

60°  F 

7  77 

3  -0  ,  ACTUAL  SOIL  TEMPERATURE 

74  57 

SQ.FT.  TOTAL  AREA 

FIG.  6.5 

( 
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8  0  70  •- 

3'-0",  "actual!'  soil  temperature 

2  5  6  0  •• 

i  s'-o" ,  SOIL 

temperature 

60  °  F 

8  070  = 

1  8'-0”  ,  SOIL 

temperature 

55°  F 

18  700  SQ.FT,  TOTAL  AREA 


FIG.  6.7 
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F 


GROUND  LEVEL 


100  0  WAN  ARCH  CONFIGURATION  —  HI  P 


6  0  90 

1  8'-0", 

SOIL 

TEMPERATURE 

5  5°  F 

2  4  8  5 

1  8'-0", 

SOIL 

TEMPERATURE 

60°  F 

12  30 

8’-0", 

SOIL 

TEMPERATURE 

65°  F 

975 

3-0, 

"ACTUAL!’  SOIL  TEMPERATURE 

10  7  80  SQ.FT,  TOTAL  AREA 


FIG.  6.8 


FIG.  6.10 


SOIL  TEMPERATURE 


Mean  Air  Tem 
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DRY  BULB  TEMPERATURE  (°F) 
(AIR  TEMPERATURE) 
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80 

1 

90 

1 
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| 

i  1 

-  500  411 

1 

274 

1 

137 

1 

0 

SENSIBLE 

HEAT  PER  PERSON 

PER 

HOUR  (BTU) 

QL=  13 .7  (TDB- 63.5)  LATENT  HEAT 

QS=I3.7  ( 100  —  Toa  )  SENSIBLE  HEAT 


FIG.  6.12 


CONSTANT  ROCK  HEAT  ABSORPTION 


0.1 


0 


F  *  kt/fcq(l 
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1.0  2.0  3.0  10  20  30 


RATIO,  LENGTH  TO  WIDTH  *  m/N 


150. 


r«v4/v 


1,0  2.0  5.0  10  20  50 


RATIO  .LENGTH  TO  WIDTH  »  IR  /  N 
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152. 


X 


ROCK  SURFACE  TEMPERATURE  WITH  CONSTANT  AIR  TEMPE RATURE  . CYLINDRICAL  CASE. 


ROCK  SURFACE  TEMPERATURE  WITH  CONSTANT  AIR  TEMPE  R  ATURE  .  SPHE RICA L  CASE 


AIR  FILM  COEFFICIENT  FOR  CONCRETE  SURFACES 
AT  20°F  MEAN  TEMPERATURE*20 


AIR  VELOCITY  -  MPH 


1 . 

o 

500 

1 

1000 

1 

1500  2000 

1  t  1  , 

3500 

|  , 

3080 

1 

z. 

1  I 

.00930 

1  1 

,0186 

1  1  1 
.0279 

1  1 

.0372 

1 

.048 

3  . 

0 

.8 

1.6 

2.4 

3.2 

4.13 

I.  VELOCITY  OF  AIR  INSIDE  SHELTER 


-  FT  7  MIN 


2, INCREASE  IN  BTUS  ABSORBED  IN  SOIL,DUE 
TO  THE  INCREASE  IN  AIR  VELOCITY 


-  BTU/HR-FTl-0F 


3.  DECREASE  IN  SHELTER  TEMPERATURE , DUE  TO 
THE  INCREASE  IN  AIR  VELOCITY 


FIG,  6.20 
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BTU  ABSORBED  PER  HOUR  PER  PERSON 
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L5i 


B.T.U.S.  ABSORBED  PER  HOUR  PER  MAN 


CONFIGURATIONS 
FIG. 6. 64 
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DRY  BULB  TEMPERATURE -DEGREES  F 


FIG. 6.65 
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GRAINS  OF  MOISTURE.  PER  POUND  OF  DRY  AIR 


20  25  30  35  40  45  50  55  60  65  70  75  80  85  90  95  100  105  110  115  120 

DRY  BULB  TEMPERATURE  -  DEGREES  F  (  • 


I 


FIG. 6. 67 
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GRAINS  OF  MOISTURE  PER  POUND  OF  DRY  AIR 


TEMPERATURE  “DEGREES  F 
FIG. 6. 68 


DRY  BULB 


UTILITY  CO.  POWER 


MOTOR  LIGHTING 
LOADS  LOADS 


TYPICAL  ELECTRICAL  DISTRIBUTION  SYSTEM 

FIG. 6.69 
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ENTRANCE  PACKAGE  UNITS 
MECHANICAL  EQUIPMENT  LAYOUT 
CIRCULAR  SECTION 
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TYPICAL  OXYGEN  SUPPLY  SYSTEM 
FIG.  6.  77 
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DRY  BULB  AND  EFFECTIVE  TEMPERATURE  (°F) 


TIME  AFTER  CLOSURE 


HOURS 


SECTION  7 


CONCLUSIONS 


7.1  OPTIMUM  CONFIGURATIONS 

From  the  results  of  the  various  component  analyses, 
it  is  now  possible  to  establish  optimum  physical  sizes  for 
rectangular,  arch  and  dome  structures  for  each  selected  capac¬ 
ity.  Typical  arrangements  for  these  are  shown  on  Figures  7.1 
through  7-9.  Space  allotments  are  given  in  Table  7.1>  7.2  and 
7.3. 


7.2  COST  INFORMATION 


Cost  data  for  each  of  the  above  structures  are  given 
in  Table  7 .4  along  with  other  pertainent  data.  Costs  are  for 
the  basic  structure  plus  entrance  (s)  and  exit  (s)  as  required. 
The  reader  is  cautioned  that  the  figures  do  not  include  over¬ 
head,  profit,  contingencies  and  other  miscellaneous  contractural 
expenses. 


7 . 3  DISCUSSION  OF  RESULTS 


There  are  several  interesting  results  which  can  be 
drawn  from  the  above  information  and  from  other  sections  of  the 
study.  For  purposes  of  clarity,  these  will  be  discussed  in¬ 
dividually. 

7.3.1  SHAPE  AND  STRUCTURAL  COST 

Within  the  range  of  capacities  and  overpressures  sel¬ 
ected  for  study  there  does  not  appear  to  be  a  single  shape  emer¬ 
ging  as  optimum  from  a  cost  standpoint.  Among  the  various  com¬ 
binations  studied,  nearly  square  rectangular  structures  are 
favored  as  fallout  shelters  and  (but  less  clearly)  as  large- 
capacity  35  psi  shelters.  Beyond  this,  concrete  and/or  steel 
arch  structures  may  prove  competitive.  Overall,  the  reinforced 
concrete  dome  seems  a  less  likely  choice  across  our  entire  spec¬ 
trum  of  criteria. 

(text  continued  -op.  page  l8l) 
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TABLE 

7.1 

RECTANGULAR 

STRUCTURES 

Summary 

of  Areas 

Size 

100 

25'-4"x32'-0" 

CAPACITY 

500 

63'-4"x62i-0" 

1000 

88‘-8"x84'-0" 

Bunks  &  Access  Aisles 

5.00 

5.00 

5.00 

Main  Aisles 

1.01 

1.01 

0.74 

Toilets  Sc  Access  Aisles 

0.90 

0.90 

0.90 

Administration 

0.50 

0.50 

0.50 

Mech- Elect. 

0.49 

0.26 

0.16 

Storage 

0.13 

0.13 

0.13 

Mlsc.  Unacc.  Spaces 

.07 

.10 

.07 

TOTAL 

8.1  Sq.Ft. 

7.9  Sq.  Ft 

.  7.5  sq.  Ft. 

PER  PERSON 
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TABLE  7.2 


ARCH  STRUCTURES 
Summary  of  Areas 

CAPACITY 


100 

500 

1000 

Size 

16'Dia  x  67'-8"Lg 

35'Dla.x  80 1 -2 "Lg 

49'Dia  x  76'-0"Lg 

Bunks  & 

Access  Aisles 

1,29* 

5.41 

5.34 

Main  Aisles  & 
Stairways 

.31* 

1.50 

1.08 

Toilets  & 

Access  Aisles 

1.28 

.98 

.95 

Administration 

.50 

.50 

.50 

Mech- Elect. 

.49 

.26 

.16 

Storage 

.13 

.13 

.13 

Misc.  Unacc. 

- 

.22 

.24 

Spaces 

10.00  Sq.Ft. 

9.00  Sq.Ft. 
PER  PERSON 

8.40  Sq.Ft. 

♦Note:  For  the  16'  Diameter  Arch,  bunk  access  is  from 
the  main  aisles. 
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TABLE  7.3 


DOME  STRUCTURES 


Summary  of  Areas 


CAPACITY 

100  500  1000 


Size 

35'  Dia. 

55'  Dia. 

66 '  Dia 

Bunks ,  Seats  and 
Access  Aisles 

5.40 

5.50 

5.46 

Main  Aisles  & 
Stairways 

1.36 

1.00 

.94 

Toilets  & 

Access  Aisles 

.81 

.95 

.93 

Administration 

.50  , 

.50 

.50 

Mech- Elect. 

.63 

.31 

.19 

Storage 

.13 

.13 

.13 

Mi sc.  Unacc. 

Spaces 

.27 

.21 

.25 

9.1  Sq.  Ft. 

8.6  Sq.  Ft. 

8.4  Sq. 

PER  PERSON 
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(Costs  Do  Not  Include  Overhead,  Profit  or  Contingencies) 


7.3.2  SIZE  AND  STRUCTURAL  COST 

Perhaps  the  most  significant  result  we  find  concerns 
the  cost  difference  between  large  and  small  shelters.  On  a  per- 
capita  basis#  1000-person  units  appeal1  to  be  roughly  half  the 
cost  of  100-person  units  whether  designed  for  blast  or  fallout 
protection.  This  order- of -magnitude  saving  appears  to  occur 
somewhat  below  1000  capacity  as  indicated  by  the  basic  costs  for 
the  500-person  units.  Extrapolating  the  data  given  in  Table  7.4 
to  5000-person  units#  we  can  infer  that  the  following  cost  savings 
over  1000-person  units  may  be  possible?  For  fallout  shelters  and 
60  psl  blast  shelters#  5-15##  for  35  psi  blast  shelters#  15-25#. 

Of  course,  it  would  be  necessary  to  do  the  design  and  cost  anal¬ 
yses  of  the  5000-person  units  in  order  to  verify  these  figures. 

7.3.3  BLAST  PROTECTION  AND  STRUCTURAL  COST 

For  steel  and  concrete  arches  and  concrete  domes#  minor 
cost  increases  are  incurred  when  going  from  the  nominal  live-load 
design  (fallout  shelters)  to  the  35  psi  level  since#  essentially# 
we  would  rate  the  inherent  protection  of  these  structures  at  35  psi. 
For  the  rectangular  structures  this  is  not  so#  since  their  inherent 
protection  Is  nearer  5  psi.  Additional  cost  for  35  psi  structures 
over  those  designed  for  nominal  live-loading  varies  from  40  to  50# 
per  person  depending  on  capacity. 

Considering  optimum  structures  only#  designing  to  60  psi 
will  result  in  cost  Increases  (over  fallout  shelters)  of  about  45# 
for  small  shelters  and  about  130#  for  large  shelters.  On  a  per- 
caplta  basis#  It  appears  that  large  60  psi  structures  cost  about 
10$  more  than  small  fallout  shelters. 

7.3.4  ENVIRONMENTAL  CONTROL  COSTS 

Although  this  study  was  not  directly  concerned  with  the 
selection  and  evaluation  of  environmental  control  systems#  suffi¬ 
cient  information  has  been  developed  to  allow  some  conclusions  to 
be  drawn.  First,  well-water  cooled  systems  are  highest  in  per¬ 
formance#  lowest  in  cost  (see  Table  7.5)  and  least  sensitive  to 
overpressure  criteria.  Second#  high  quality  environmental  control 
units  for  large  shelters  can  be  half  the  per-capita  cost  of  similar 
units  for  small  shelters. 

7.3.5  HEAT  TRANSFER  EFFECTS 

There  are  two  general  categories  of  results  from  the 
heat  transfer  analyses.  The  first  concerns  the  long-term  effects 
which  are  reflected  In  cost  reductions  of  environmental  control 
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TABLE  7.5 


EFFECT  OP  HEAT  TRAMS FER  TO  SOIL  ON 
MECHANICAL-ELECTRICAL  PACKAGES  COSTS 


COST  IN  DOLLARS/PERSON 
(Including  Blast  Closures) 
AVERAGE*  Vent-  Well- 
HEAT  TRANSFER  Air  Water  Refrig. 
BTU/HR/PERS  ON  Cooling  Cooling  Cooling 


lOO-PERSON  SHELTER  0 


Rectangular 

128 

Arch 

184 

Dome 

165 

5 00- PERSON  SHELTER 

0 

Rectangular 

91 

Arch 

94 

Dome 

93 

1,000-PERSON  SHELTER 

0 

Rectangular 

87 

Arch 

70 

Dome 

73 

*For  a  "good"  soil  at 

55  F.  and 

PERSON  over  a  l4-day  period. 


110 

75 

91 

85 

74 

81 

74 

74 

79 

80 

74 

80 

66 

46 

56 

57 

45 

53 

57 

45 

53 

57 

45 

53 

56 

32 

46 

46 

31 

42 

48 

31 

43 

48 

31 

43 

metabolic  rate  of  500  BTU/hr/ 
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packages.  The  second  concerns  closure  capabilities. 

The  first  category  of  results  (shown  in  Table  7.5) 
indicates,  that  for  systems  relying  on  outside  air  for  heat 
dissipation,  significant  savings  might  be  realized  where 
soil  conditions  are  favorable.  For  well-water  cooled 
systems,  heat  transfer  to  soil  has  little  effect  on  cost. 

The  second  category  is  summarized  in  Table  J.6. 

From  this  data  we  can  say  that  only  small  cross-sectional 
configurations  have  a  chance  of  maintaining  survivable  tem¬ 
peratures  for  closure  periods  approaching  24  hours.  In  larger 
shapes,  this  capability  does  not  appear  possible  without 
other  means  for  the  dissipation  of  metabolic  heat.  If  lesser 
time  periods  are  acceptable,  the  rectangular  configuration 
will  give  maximum  performance  among  large  shapes. 

7.3.6  SPACE  UTILIZATION 

For  austere  shelters  it  is  apparent  that  bunking 
and  access  to  bunks  largely  determine  space  requirements. 
Bunking  systems  which  are  convertible  (td  seating)  and  demount¬ 
able  will  allow  maximum  space  utilization.  With  such  systems, 
maximum  performance  will  be  achieved  in  rectangular  struc¬ 
tures  arranged  for  4-high  tiering  of  bunks.  Arches  and  domes 
require  complicated  bunking  systems  for  maximum  space  utili¬ 
zation.  That  is,  bunks  which  can  be  tiered  from  one-to  five- 
high. 


In  addition,  4-hlgh  bunking,  convertible  to  4- 
abreast  seating, may  result  in  minimum  management  problems, 
since  its  use  of  space  is  less  sensitive  to  scheduling  changes. 

It  should  also  be  noted  that  minimum  bay  size 
(6 5 -4"  x  6' -4")  was  an  important  factor  in  reducing  the  cost 
of  rectangular . structures.  If  such  spacings  prove  unde¬ 
sirable  for  functional  reasons  and  must  be  increased  sub¬ 
stantially,  the  rectangular  structure  may  or  may  not  prove 
optimum.  And,  if  small  bay  sizes  are  feasible,  we  would  re¬ 
commend  that  some  additional  investigation  be  undertaken  to 
evaluate  all  concrete  (shear  wall)  structures  and  to  evalu¬ 
ate  column-  or  wall-hung  bunks. 

7.4  CONCLUDING  STATEMENTS 

Within  the  limitations  of  this  study,  the  following 
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TABLE  7.6 


CLOSURE  PERFORMANCE* 


Time  To  Reach 
yfo  C02  &  ITfo  02 
(Hours ) 

Time  To  Reach 
90  F.  E.T. 
(Hours ) 

100-PERSON  SHELTER 

Rectangular 

2.4 

19 

Arch 

2.5 

24 

Dome 

4.5 

21 

500-PERS0N  SHELTER 

Rectangular 

2.3 

13 

Arch 

3.1 

6 

Dome 

3.5. 

4 

1,000-PERSON  SHELTER 

Rectangular 

2.2 

11 

Arch 

2.9 

2 

Dome 

2.9 

1 

*For  a  "good"  soil  at  55  F.  and  a  metabolic  rate  of 
500  BTU/HR/PERSON  and  using  a  Baralyme-Bottled  Oxygen 
environmental  control  system. 
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statements  can  be  made; 

1  -  In  the  category  of  fallout  shelters ,  single- 

level  rectangular  structures  designed  to 
accomodate  4-high  tiering  of  bunk3  will  result 
in  minimum  cost  regardless  of  capacity. 

2  -  In  the  category  of  blast  shelters,  the  same 

statement  applies,  at  least  for  large  shelters 
at  35  psi.  At  60  psi,  the  optimum  structure 
appears  to  depend  on  capacity.  For  optimum 
<•  configurations,  the  provision  of  high-quality 
blast  protection  appears  to  be  a  costly  process. 
Although  optimum  underground  structures  de¬ 
signed  for  fallout  protection  only  will  have 
some  inherent  blast  protection,  we  would  make 
a  sharp  differentiation  between  fallout  and 
blast  shelters  in  terms  of  costs  and  performance 
requirements . 

3  -  In  the  category  of  capacity,  small  (100-person) 

fallout  shelters  may  result  In  as  much  as  twice 
the  per  capita  cost  of  large  (500-  or  1000-person) 
fallout  shelters.  For  blast  shelters,  this  dif¬ 
ference  is  much  less. 

4  -  In  the  category  of  environmental  control,  we 

conclude  that  high-quality  systems  are  expensive 
and  may  cost  as  much  as  the  optimum  shelter 
structure.  Among  such  systems,  those  which  have 
an  adequate  well-water  source  will  be  lowest  in 
cost .  Heat  transfer  through  the  shelter  walls 
will  result  in  nominal  cost  decreases  of 
mechanical  and  electrical  equipment.  Such 
benefits  are  highly  dependent  on  ground  condi¬ 
tions  and  construction  procedures  with  the  result 
that  they  may  be  marginal  for  use  In  planning. 

Also  in  this  category,  we  conclude  that  from  the 
cost  standpoint,  the  optimum  location  for 
mechanical-electrical  equipment  Is  within  the 
shelter  proper. 

5  -  In  the  category  of  closure  requirements,  we 

conclude  that  without  adequate,  protected  heat 


185 


3inks,  shelter  configuration  and  construction 
procedures  may  be  determined  by  the  heat  dis¬ 
sipation  criterion.  The  optimum  high  quality- 
blast  cross-section  with  a  24-hour  closure 
capability  appears  to  be  a  minimum  diameter 
concrete  arch.  This  shelter  might  be  arranged 
in  multiple  units  with  common  entrances.  Also 
in  this  category,  we  conclude  that  shelter 
volumes  resulting  from  optimizing  shape  and 
space  utilization  do  not  have  a  significant 
effect  on  closure  capability,  either  absolutely 
or  between  shapes.  We  also  conclude  that  closure 
capability  can  be  enhanced  through  the  use  of 
low  he  at - pr  o  due  1  ng  Og  -  CO-2  systems  and  through 
shelter  management  procedures  which  will  keep 
shelter  activity  at  a  minimum  level, 

6  -  In  the  category  of  protected  entrances,  we  con¬ 
clude  that  a  vestlbule^type  entrance  unit  will 
be  lowest  in  cost. 


A- Administration 
B- Bunks -4  High 
M-Mechanics 
ES51  Storage* 


Rectangular  Structure 
(  7.9  sq.  ft ./person) 

Pig.  7.2 


( 


Entrance 


Section 
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Appendix  A-l 


Concrete  costs  for  arch  and  dome  construction  were  estimated 
by  computing  quantities  of  formwork,  concrete  and  reinforcing 
steel  for  a  100-person  capacity  arch  and  dome  respectively.  These 
costs  were  used  for  all  subsequent  estimates  of  arches  and  domes. 

Dome 


Concrete 
Reinf.  Steel 
Formwork 


17.9  c.y.  @  $  25 

1.78  tons  @  $250 


1st  45°  2720  s.f. 

remainder  570  s.f. 

Total  3290  s.f.  @  $  0.80  = 


$448 

$445 


$2630 


Total  cost  of  17.9  c.y.  =  $3523 


Cost  per  c.y.  including  forms  and  reinf. 
steel  *  $  197 

Say  $200 


Arch 


Concrete  18.4  c.y.  @  $  25  =  $460 

Reinf.  Steel  1.83  tons  @  $250  =  $457 

Formwork 

1st  45°  1698  s.f. 

remad  nder  851  s.f. 

Total  2549  s.f.  @  $  O.65  =  $1660 

Total  cost  of  18.4  c.y.  =  $2577 


Cost  per  c.y.  including  forms  and  reinf.  steel 

=  lAifO 
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Appendix  B-l 


Comparison  Between  4-  and  5-  High  Bunks  for 
Rectangular  Structures 


The  difference  between  4-  and  5™  high  Is  o.25  sq.  ft.  per 
person  maximum .  (  See  Table  B-l) 


B-l.l  For  the  100-man  shelter  (25 '-4"  x  32' -0",  when  4-high), 
35  psi. 


Gain  due  to  5 -high  -  25  sq.  ft.  @  $7 


$175 


Loss  due  to  5 -high 


Perimeter  =  (25 '-4"  +  32' -0") 2  =  approx.  115' 

Need  115  x  20/12  x  10/12  5-9  cu.  yds.  of  wall  concrete 

50  cu.  yds.  of  excavation  and 
backfill 

21  sq.yds,.  of  waterproofing 
Additional  column  lengths  are  neglected. 


27 

810  x  20/12 
27 

115  x  20/12  = 


Cost  Summary: 

Wall  Concrete 
Excavation  and  Backfill 
Waterproofing 


5.9  cu.  yds. 
50  cu.  yds. 
21  sq.  yds. 


@  $55  = 
@$1.77= 
@$3.20. 


$324 
89 
67 


Total 


$480 


Conclusion:  4-high  less  costly 
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Table  B-l 


Area  Requirements  for  Bunking*  and  Seating 
Including  Aisle  Space 


of  Tiers 

High 

Bunk  Area 

Per  Person 

Seat  Area 

Per  Person 

Total  Area 
Per  Person 

1 

22.00 

_ 

22.00 

2 

11.00 

- 

11.00 

3 

7.35 

- 

7.35 

4 

5.50 

- 

5.50 

5 

4.40 

0.85 

5.25 

*  Assuming  c onvertible  bunk  system  accomodating  four  people 
sitting.  5-digh  bunking  requires  one  seat  per  5  shelterees. 


B-l. 2  For  the  100-man  shelter,  60  psi 

Gain  due  to  5-high  -  25  sq.  ft'.  @  $14.20 


$355 


Loss  due  to  5-high 

Loss  will  be  slightly  greater  than  for  35  psi  case, 
so  we  may  conclude  that  4-high  is  less  costly  at  60psl . 

B-l. 3  For  the  500-man  shelter  (62' -0"  x  63' -4",  when  4-high), 
35  psi 


Gain  due  to  5-high-  125  sq.  ft.  @  $6.90 
Loss  due  to  5 -high 

Perimeter  =  (62' -0"  +  63'-4")2  -  approx.  250 1 


$863 


Need  250  x  20/12  x  10/12  =  13  cu>  yds .  of  wall  concrete 

3920  X  20/12  _  242  cu.  yds.  of  excavation  and 

2<  backfill 

250  x  20/12 

- q - -  =  4b  sq.yds.  of  waterproofing 


B2. 


B-1.3 


Continued 


Cost  Summary: 


Wall  Concrete 

13  < 

3U .  yds.  @  $55 

$715 

Excavation  and  Backfill 

242 

cu.  yds.@ 

1.77 

428 

Waterproofing 

46 

sq.  yds.@ 

3.20 

147 

Total 

$1290 

Conclusion:  4-high  less  costly 
B-1.4  For  the  500-man  shelter,  60  psi 

Gain  due  to  5-high  -  125  sq.  ft.  @  $11  $1375 


Loss  due  to  5-hlgh 


Need  ^50.-X_20/12 . x  16/1.2  _  21  cu.  yds.  of  wall  concrete 

Other  quantities  are  same  as  for  B-1,3 


Cost  Summary: 

Wall  concrete  21  cu.  yds.  @  $55 

Excavation  and  Backfill 

Waterproofing 


Total 


Conclusion:  4-high  less  costly 


$1155 

428 

147 


$1730 


B-1.5  For  the  1000-man  shelter  (84' -0"  x  88' -8",  when  4-high), 
35  psi 

Gain  due  to  5-hlgh  -  250  sq.  ft.  @  $6.30  $1575 

Loss  due  to  5-hlgh 

Perimeter  =  (84' -0M  =  88 '-8") 2  = 


B3. 


Approx.  345 


B-1.5  Continued 


Need  345  x  20/12  x  10/12  _  ]_g  cu.  yds.  of  wall  concrete 


X20/12  -  460  cu.  yds.  of  excavation  and 

2'  backfill 

345  x  20/12  _  64 

sq.  yds.  of  waterproofing 

Cost  Summary: 

Wall  Concrete  18  cu.  yds.  @  $55  $  990 

Excavation  and  Backfill  460  cu.  yds.  @  1.77  815 

Waterproofing  64  sq.  yds.  @  3.20  205 


Total  $2010 

Conclusion:  4-high  less  costly 


B-1.6  For  the  1000-man  shelter,  60  psi 

Gain  due  to  5 -high  -  250  sq.  ft.  @  $10.25  =  $2560 


Loss  due  to  5-high 

Need  345  x  20/12  x  16/12  =  29>5  cu>  ydg.  Qf  wall  concrete 
Other  quantities  are  same  as  for  B-1.5 


Cost  Summary: 


Wall  Concrete  29.5  cu.  yds.  @  $55  $1620 
Excavation  and  Backfill  815 
Waterproofing  205 

Total  $2640 


5-high  is  not  less  costly  than  4-high. 


B4. 


Conclusion: 


APPENDIX  B-2 


Costs  of  Steel  and  Concrete  Arch  Configurations 
were  computed  for  various  diameters.  These  costs 
are  presented  in  the  following  tables. 


r 


l 

v 


COHLA  CO-=t  O 
CO  OJ  Hit  COCO 


I  I  I  I  I  t — 


00  H  incO-=t  CO 
CO  CM  Hit  CO  CM 

H  rl  H  rl  rH 


OVit  H  CONOCO  CT\VO  H  H 
CO  00  CO  00  S-VO  CO  00  S-  S- 


i  i  i  i  i  co  i  i  coco 


ovit  h  coco  cm  ovvo  in  in 
CO  00  CO  00  S-VO  00  00  co  CO 


V 


► 


EH 


CM 

p 

< 

o 

H 

M 

£ 

CM 


< 

rH 

EH 

- - » 

C« 

movo  son 

< 

-te- 

P 

S-O  CtlH  rH  O 

P 

•• — ■» 

O 

rH  rH  rH  rH 

EH 

Eh 

g 

8 

o 

o 

p3 

•H 

g  to 

w 

co 

u  u 

zn 

p 

P-t 

a 

<u  O 

1  1  1  1  l  s- 

M 

2: 

>H 

p  o 

S 

< 

EH 

m 

G  H 

Eh 

o 

H 

co 

H  Pm 

H 

PC 

CO 

O 

P-» 

O 

<2 

M 

< 

« 

H 

Pm 

EH 

o 

CM 

EH 

< 

CQ 

H  JS 

movosocM  < 

p 

PS 

O 

O 

10  o 

S-O  OVH  HO  O 

M 

M 

a 

(0  G 

H  H  H  H 

3 

CM 

O 

p  < 

O 

en 

O 

O 

O 

M 

PS 

H 

in 

a 


—  LP 

H  t> 

l 

CM 
O 
PS 
CM 


P 

< 

u 

H 

£3 

£ 

CM 


.G 

oco 

10  -P 
Pm 
<u 
CM 


Kg 

rt  OCM 
O  CO  P 
,Sh  SH  Pm 

H  <p 

(M 


JO 

p  • 

M-P 
a  Pm 

a 


mco  t- in  co  in 

•  ••••• 

00  CM  CO  CM  CnCM 
CO  O  CT\H  CttCO 
H  H 


coh  tnooo-^- 
coco  o  t— CO  o 
«••••• 
acococoo  t-o 


CM  CO  00 1-  CM  00 

•  »•••• 

CM  it  H  CT\CO  H 
VO  -=t  -=t  CM  CM  CM 


00  S-  inco  CM  S-^t  H  o  o 
mvovovovo  ins-s-vovo 


i  i 


I  VO  I  I  coco 


CO  S-  mco  CM  H  it  H  it  it 
mvovovovo  lAhMmn 


VOitCMCMOCMVOCMOin 

ms-cos-s-moinoo'i 

VOOvavOOCS-CMHOOE- 


CM  CM  it  i— I  O  COCO  O  CM  H 

ov h  sroiAH  avvo  mvo 

•  ••••••••• 

oo  ovoooo  s-ctvs-s-coco 


S-  CO  COCO  CO  CM  CM  CM  COCO 

•  ••••••••• 

VO  O  H  H  S-OVO  H  S-VO 
OVHO-M-CMOVHHNt- 
CM  CM  CM  H  H  HH 


CO 

•S  *§n 

G  "n 

CQ  X 


CO 

•=t  -4-  m-=f  m  i 

it 


00  it  CO 

-it  it  mit  m  i  it  in  i  i 
it  it  in 


I 

P 


MO  CO  COO  O  O 
H  CM  CM  rococo 


vococoooommmm 

H  CM  CM  COCOCOCOCOCOCO 


B  6. 


I 


< 

EH 

<U 

Q 

Eh 

CO 

O 

o 

— 

-P 

CQ 

Q 

rH 

m 

Si 

o 

• 

3 

<! 

o 

CVJ 

1 

o 

(V* 

m 

w 

Eh 

a 

a 

>1 

rt 

o 

PQ 

w 

M 

< 

52 

w 

Ph 

Ph 

EH 

Eh 

o 

< 

CO 

« 

O 

f u 

O 

yA 

O 

< 

A 

O 

H 

W 

X 

(U 

HcocMOOo.=t-c\ror-ivovo.=}-vQO  omaco  o^j-  laoooola-:!-  la 
CM  H  CT\  CT\CT\  CA-=*-  COOOOOOva'iOVOVOCMOOCOCMHHHr-tH 

H  H  HrlHrlrlrl  HHrlrlHHHHHrlHH 


I  I  CO  VO  VO  VO  I  lE“-t^t-t-0\Ch0\ 


KlCOCOOOOOOOO 

rlrlrlrHri 


CvVO -=t"  OVOMAt'-HOMAOCMVO  t- CO  CO  LA-=i-  LA 
CM  H  CO  CO  CO  00 CO  OV  <?\  (7\  CACD  CO  OWO  VOCMCMCMHOOOOO 

rHrH  HrH  HHrlrlrlHHHHHH 


VO  VO  O  CTi  CA  CMA  H  OVCO  H  O  ■=)•  LACO  0\  t>-VO  t-  O  -=}-  t- t~-  CAOO  OV 
CO  00  tA-VQ  LOVOOON  t~-C0  COt^-C'-C'-rHi-HCACTvO  OVCO  CO  00  00  CO 

H  H  r-H  rH  i — I 


I  I  VO  VO  VO  VO  I  I  t — t — C— l — OVOVCJv 


IOOCOOOOOOOOOO 

i — L  H  rH  iH  rH 


VOVO^tOOCACOLAHCMH^l-  CALAVO  CACA['-C0  OV  CM  VO  fr- 1-- OVCO  OV 
CDCOVOVOVOVO  O  O  A-E-E-E-VOVOVO  H  HCOoO  CAOOI  ■ 

rlH  i— 1  H 


COOOOVOO-3-CMlACMCOOOCMO  LCW  OlALAOCMCMO-3-IA 

O  LA-3"  CM  H  CM  CACM  LA  CM  OVOVCO  CMC0-=T  t'-^VO  CM  CO  LA  LA  OM>- CO 
-=f  rococo  00  00  LA  LACO  CO  CO  00  VO  t-E-CO  hOOHr . 

r— I  rH  iHrH  i — t  rH  rH  rH  rH 


ocpoavC'--CMvocMCM.=i--3;vo-=t-  avvo  cm-4-cocoocococoovcmvo 

O  CTvVOVO  OVVO  OOVCOCMb-COOrH  cm^UVM-^-VO  LA  LA 


c--cococo  N-t-coaoco  t-oococococo 


COt^LAHOVCMCOOCOCMOVOCOOOCMS-CMCMOOOOO  COCO  rH 

VOCMHOOvOHOOrOCMVO  LA^t-  A-OVO  COt^OO  O  LAt~l>-C0  t^co 
COCO  LALA-=*  LAOO  -=t  -=t-  COCO-=1-LOVO  COOO-^  COCM  CM  CM  CM  CM 


-=}■  COCO  -=t  LA-=t-  LA.=* 

-=J-  LA-=f  LA  -=f  LA-^t-  LA  I  I  I  n=t  LA-=f  LA  t  I  I  l  I 

-=t  LA  I  I  I  I4LA  I  I  I  I  .=f  LA^t  4LA  I  I  I  I  -=t  -=!-  LA  LA-sl" 
■3--=tlALA  -=i--4-LALA  I  l  I  -=!■•=)•  LA  LA  I  I  I  I  I 

^J-j^-LA  -=J- .=t  .=}•  .=*•  LA 


-=t -=f -=fr  - 


CT\  CA  OV  OV  CTV  CA  <J\  CA  OV  A- 1- 1 . . 

. 1A  LA  LA  LA  LA  LA  LA  LA  LA  LA  LA 


< 


BT 


PHYSICAL  PROPERTIES  AND  COST  DATA 


invo  movnvocTiHOvoHH^to^tonooooojooH 

HH  MO  00  C'-  [--MO  MQ  CO  t— MO  VOOOhhhSWHOO 

H  H  rlH  H  H 


OO  I  I  I  I  I  MO  i  homo  I  IIOMOIOMO  i  i  tr— 

H  H 


tnco  inovoio  cxunovo  inin.4- ooo  t-t--[-cMco-=i- 

OO  vOcO  l--t-MO  LOCO  t-ininO  OlOMOMOMO  CM  H  [- 

HH  HH  HH 


CO  <J\  ^t-=t  H  CMMO  H  intOH  H-=f  rHMO  UVt-=fMO  tOH 

coco  iniovovo  ininMOMo  in  in  t- [-10101010000010 


xs 

-p 

G 

o 

o 


o  o 

rH  rH 


u 

H 

o 

<*s 

CM. 

< 

o 

o 

o 

in 


00  ch 
t — t— 


o^t 

•  • 

co  co 

t-t- 


u 

H 

o 

< 

(y, 

< 

o 

o 

o 

o 


I  I  I  I  I  VO  I  IIOVO  I  I  VO  MO  VO  CO  I  1  t— 


-4^-  hcmmo  in tn co inuvt  ho  omcocomo  co-4- 
lovomdmo  in-srvoco^t^a-  t-b-in-^t^t^i-oooo  in 


co  h  o  co  o  no  in  in  ovo  now  coco  locoloh 

CO  [—  COMO  CO  cocnt-t-co  cowocm>nooo 
id  nno  oin-ho  c-[— cococooo  t— c— iniooo 

rH  rH  H  H  H  rH  rH 


cnH  O  O  HMO^  CM  OMO  OMCOOO  lOCO-=t  OMOMO  CM  CM 

min  t— h  t-cu-=r  o  omocm-4-  cm  omc— inuvtio  cnt- 

coco  CO  C?\00  CO  t—  co  t—  t— oo  co  t— co  c —  t —  t —  c —  t —  t —  t — 


o  in 
co’co* 

CM  CM 


CO  CO  COO  00  o  t— COCOOMt—CO  t>-coco  CO  CO  CM  CO 

•  •••••••••••••••••A 

OtJiHCM  COMO  HHO  OVCOCM  O  CO  t-  t-  H  -=t  in 

cohocd  iocococm  uvm-momo  o  omomctmvo  inco 

lO-=t  4CMCMHCM0)HHHHH  H  H 


in-=f 

i  i 

-4-  in 

i  i 

in  in 


co  co  -=t  irvt  in  -t 
.=f  n*-  in^t  ini4in  i  i  -=t  in  i  i  i  i4in  i 
■=t  -4"  in  ^4^1-inin  ■4’ 


co  cocoo  o  o  inininm-=t-=t-=i'-=t-4'-=i‘  omomom 

in  in  H  CM  CM  CO  CO  CO  CO  CO  CO  CO-4  4 -4 -=t  4" -4 


B8-, 


O  LA4  CM  4  00  O  IA  O-VO  VO  LTN  t~-  LA LA  LA  LA4  VO 

co  co  co  o-t-o-4  coctvovovovcooooococococo 

H  H 


o— o— o- ov  crv  o\  I  I  COCOCOCO  H  o  o  o  o  o  o 

HrHri  Hri  rlrt 


0000  0-  CO  LA  OV  O  LA  COCO  CO  O-VO  LfVA  LA  IA4  VO 

t- 1— o-vo  vo  vo  4  coco  ao  oo  oo  c-o-o-c—o-o-o- 

H  H 


O  OO  CV1  LAVO  C04  rlHOOW  LA4  -=0  4  4  004 
VO  VO  VO  LA  LA  LA  CO  CT\  0—  O'—  0-VO  VO  VO  VO  VO  VO  VO  VO 


+3 

a 

o 

o 


0—0 — O-CTsOVOV  I  I  COCOOOCO  H  o  o  o  o  o  o 

H  rH  i— I  rH  r-l  rH  rH 


0OVO  LAVO  0—04  H  OOOJ  CM  H -=0 4 4  4 4  C04 
LALALA44  IA  CO  OVA  VO  VO  VO  LA  IA  LA  LA  IA  LA  LA 


0-0  04  1A-4-  O  O  H  O  O  LAO-VO  LAVO  CM  CVJ  0O 

HOVO-LAOMACM4rH  CTi  CJV  0— CO  VO  VO  VO  VO  LAO- 
COCO  00  VO  VO  0-CO  t-o  CAOVOVO-t-O-t  -0—  0-0— 
r— I  rH  rH 


CO  OVrH-4  HVO  CQrHCTiOOCOCOOCMVOCMOOO'i 
IAOVCO  O  04  CM  COCO  O-VO  4  CO  VO  44  CO  CM  CM 

0-0-0- CO  03  00  O-VO  0—  0-0-  O-CO  CO  CO  CO  00  CO  CO 


CO  CO  CM  O  CM  COCO  OcOOJCMCVJLAOcOOt— OlA 

COHOVO-HO-OlAHOO  CO  VO  LA4  LA-4-  4  LA 
CO  COCO  VO  0-0- CO  CM  0-0- O-VO  LA  IA  IA  LA  LA  LA  LA 
rH  rH 


4  COCO  4  iA-4  LA-4  IA4 

1A4  LA  I  I  I  4  LA4  LA  I  I  I  I  I  I  I 

1114  LA4  4  LA  I  I  I  I  4  4  LA  LA4  4  LA 

4  LA  IA  I  I  I  4  4  LA  LA  I  I  I  I  I  I  I 

44  LA  4444  LALAlA 


O'\CT\O'iO'\O'\O'i0— 0— 0— 0— C —  0— 0— 0-0— 0-0—  0 — O— 

444444  LA  LA  LA  LA  LA  LA  LA  LA  LA  LALALA  LA 


B9 


r 


H 

. — ' 

cm 

<fr 

p 

s _ ^ 

o 

EH 

a 

o 

• 

g  CO 

ft 

ca 

u  u 

ft 

P< 

<1)  O 
P  o 

ft 

O 

d  h 

W 

X) 

H  Cm 

CM 

Eh 

O 

00 

•H  Si 

O 

w  o 

O 

CM  fM 

W  < 

O  rHM3-=J-U0-=t 

m>  moo  o  mm 


i  i  iiit— 


O  HM)EtM)  t- 
M3  0)00  O  mCO 
H 


0)M)  -Ef  0)  COM)  in  CM  O 
-=tM3M)M3M)  mt-t-vo 


I  I  I  I  I  CO  I  I  M3 


onvo^j-  mcoo  mcM^i- 

-Ej-M)M)M)M3int-t— m 


CM 

• 

CM 

I 

m 

9 

Eh 


u 

H 

O 

< 

CM 

< 

O 

o 

o 


iH 

m. 

s  Total 

W 

H  U 

ft 

CD  O 

in 

P  O 
C  H 

CO 

H  ft 

Basic 

Arch 

MO  O  t—  COM3  in 
moo  0)03  CO 


I  1  lilt— 


M3  O  t—  COM)  CO 

inco  t-  moo  t— 


MD COM3  O  lAOM)^  CO 

-ei-  m  inM)  in  inM>  M)  in 


u 


H 

O 


< 

CM 

c 

o 

o 

o 

in 


I  I  I  I  I  M3  I  I  M3 


M3  CO  M3  O  inEj-VD-Ei- 1- 

4inmio  in^j-M3M3^ 


•  oco 

HOP 
P  SM  ft 

H 

t>  CD 

EH 

ft 

ft 

\C3 

O 

(M  OCM 

ft 

cd  n  p 

ft 

^  P  ft 
«1  a) 

<< 

CO 

H 

ft 

! 

Si 

p  ♦ 

MP 

cm 

fl  ft 

3 

inM)  t- in  co  in 
•  »•••• 
CO  CM  M)  CM  CD  CM 
M3  O  O)  H  CDCO 


co  h  in  o  co  -=t 

COM)  O  t-M)  O 

•  ••*•• 

0)0)  mco  t-o 

H 


CM  CO  CO  t— CM  00 
•  ••••• 
CM -4"  H  0)M3  H 
MS-Ef-Ef  CM  CM  CM 


M)-eJ-CMCMOCMM3CMO 

* . . 

int—  cot- 1— mo  ino 

M3  0)0)0  mt-CM  i  ICO 

H  H  i— I 


CM  CM  ■=*  r-t  O  COM)  O  CM 

O)  rH  t-coinn  mM3  in 

•  •*•••••• 

co  mcoco  t-mt-t-oo 


t- CO  COCO  CO  CM  CM  CM  CO 

•  •••••••• 

lOOrHrlt-  mU)  rH  t— 
Clrl  O^f  CM  D)rl  rl  t — 
CM  CM  CM  H  H  H  rH 


CO 

^■S 


CO 

ej-  ej-  m-4-  m  i 


co  -=t 

in-=t  in  1 4  in  i 

-Ef  Et 


M3  CO  COO  O  O 
H  CM  CM  CO  CO  CO 


M)  co  coo  o  o  in  inin 
H  CM  CM  CO  CO  CO  CO  coco 


BIO 


VOOnC'-tAHO\WCOOCC>WO'JDCOOOWt>-WWOOOO  Oo 000  H 


vomdwhocaohcooowvo  ia^*  t'-ovo  ontvco  o  tAis-t-co  t-co 
t-coco  iniA4  inco  f~-3- -=!■-=}- -=t  coco-=}-vovjO  oocn-=f  row  oj  cvj  w  oj 


■=}■  oo  oo  uvt  m-=t- 

00  -=t  LA-=t  LA  LA-^"  LA  l  I  I  -=t  LA-=t  LA  I  I  I  I  1 

IAI  I  l  I  4  LA  I  I  I  LA^t-=f  lA  I  I  I  I  -=t -it  LA  LA-=f 

IA  -=f^-LALA  ^-^ttAlA  I  I  I  -3-^lALA  I  I  I  I  I 

•^•■^tlA  tA 


t— AH-t  a  cvi  avo  a  a  avo  a  u\AA-t  cvjoj 
it  A  A  A  A  AAA  A  A  t-t- A  A  A  A  AAA 


I  I  I  I  IA  I  I  VO  VO  I  IVOVOVOVO  I  t— t— 


t-  ro  i— i  -t  co  vo  aa  t-  t—  aa  o  a  a  A-t  a  a 

itA  A  A  A-tAAitit  t- t-  Ait  it  it  AAA 


VO  COMO  HVOHC0  t— t-AA  H  O  AACV1A  A 
it  A  A  A  Ait  VO  Ait -t  A  A  IXMA-tifCO  A  A 


I  VO  I  IVOVD  I  IVDOVOVO  I  C-C- 


o  < 

s  a 

w  h 
Ei  eh 


it  VO  covo  H  O  HCO  H  H  AA  Ait  COCOCVJ  A 00 
it  A  A  A  Ait  VO  Ait  it  VO  VO  it  it  it  it  CO  it  it 


O 

g  o 

O  CtJ 

o  CM 


COHOCOO  CO  A  AAA  AO  CU  COCO  ACOHt- 

•  •••••••••••••»«••• 

At— COVO  VO  it  A  AC-N-00  COW  O  A  At— AH 
VDAAOAf— HO  t— t— COCOOOOO  t— t— AAA 
H  H  H  H  H  H 


O  O  HVOit  0J  AVO  AAA  A  Ait  OVD  VO  C\1  A 
t— H  t— CVlit  O  A  ACM  it  CM  AC— A  Ait  VO  t-A 

A  AAA  t- At-SA A  t-A  t-t—  t—  t-t-t-t- 


A  A  AO  A  O  t— A  A  At— A  t— AA  AACOA 

•  •»••••*••••••••••• 

O  AH  CM  AA  H  H  O  A  ACM  O  A  t-t— H  AA 
A  H  O  A  A  A  ACM  Ait  A  A  O  A  AAA  A  A 
Ait  -tCVJCVIHCVJCVJHHHHH  H 


A  it  A  it  Ait  A  it  A 

it  -t  Ait  A  I  it  A  I  I  it  A  I  I  l  It  I  I 

it  it  A  it  it  A  A  it  it 


A  A  AO  O  O  A  A  A  Ait  it  it  it -t -t  AAA 
H  CM  CM  AAAAAACVttttttttt 


B12 


mVOOO  H  in  rH4-  CO  COCJ  C~-  104"  m4-4  in 
vdvo  rnin'm  o  o  t^t-t^-t-vovovovnvovo'n 

H  H 

(■ 


t-t— ONcncrN  i  t  cocococo  h  o  o  o  o  o  o 

r-j  ,_|  r-i  H  rH  H  r- 1 


cnoo  t-cnoi  rnHio  inm4-M3  in4-  in4-4-  in 
mm4-4  inoovo'mmuoininininininin 

H  H 


<3i 

EH 


EH 

CO 

43 

0 

— 

0 

-p 

Q 

C 

O 

OJ 

H 

§ 

O' 

• 

0 

4 

^ ^ 

01 

§ 

cq 

M 

u 

M 

H 

H 

w 

Eh 

Eh 

O 

a 

W 

Pd 

4 

pg 

3 

W 

CM 

4 

0 

CM 

4 

eh 

53 

O 

0 

0 

Pd 

0 

CM 

0 

0 

.4 

0 

4 

O 

H 

H 

CO 

>} 

W 

CM 

aioo  o  oj  in  in  oj  co  t-tc-vo  hoooooio 
tninintnmchOMovovoiDinvoiovovjo  invo 


t'-c—cr\0'\cr\  1  icooDcocoHOooooo 

rH  t— J  iH  rH  rl  ri  rl 


oj  h  h  couo  tnoj  o  mcr\oo  0000000 
in  in4-  44  0 cr\vo  in  in  m  in  in  in  in  m-4-  in 


004  m-4-  oorioom  t-vo  invo  01  01  co 

a\^-inaunoj-4-H  cnc^t-comvoujvo  mt*- 
cocouom  t'-co  t>- o  cn cr\ 1 — 1>- 1—  tr^- 

rH  r4  r~J 


OiH4HlO(OHO\OOcOrOOWlOWOOO 
0^00  O  04  OJ  C1C0  t-l£>4-COV0-4  4-  COOI  Ol 

r-  d~-oo  co  00  t-vo  1~- 1~-  t>-oo  ao  co  00  co  co  co 


co  oj  o  oj  coco  ocoojoiojinocoof-oin 

H<nc —  HN-OinHOO  <y\\o  tn4-  in-4  4-  in 
CT\com  n-c^cooj  t-t'-t'-vo  in  in  in  in  m  m  in 


-4-  co  co  -4  in-4  in-4  in-4 

4-  in  1  1  1  -4  in4  in  1  1  1  1  1  1  1 

1  1  4ia44  m  1  1  1  1  -4 4"  m m4" -4  m 
in  in  1  1  1  4-4-  min  1  1  1  1  1  1  1 

44  in  4444  mmm 


<T\  <7\  CT\  CT\  0\  t-  C- C~- C—  S- 1 . 

. minininmininminmininm 


B13 


APPENDIX  C-l 
HEAT  TRANSFER  CURVES 
for  the 

WARM-UP  PERIOD  (CURVE  METHOD) 


NOTE:  On  figures  6.21  through  6.40 
the  additional  set  of  curves 
marked  “lOO",  are  for  100 
BTU/Hiy  PERSON  additional 

sensible  heat  load. 
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APPENDIX  C-2 


14-DAY  HEAT  TRANSFER 
(AVERAGE  TRANSFER  RATES) 


DIFFERENCE  BETWEEN  ORIGINAL  SOIL  TEMPERATURE  AND  FINAL  TEMPERATURE 
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DIFFERENCE  BETWEEN  ORIGINAL  SOIL  TEMPERATURE  AND  FINAL  TEMPERATURE 


THOUSANDS  QF  BTU'S  ABSORBED  BY  SOIL  PER  HOUR 
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DIFFERENCE  BETWEEN  ORIGINAL  SOIL  TEMPERATURE  AND  FINAL  TEMPERATURE 
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APPENDIX  C-3 

14-DAY  HEAT  TRANSFER 
(NUMERICAL  SOLUTION) 
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